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FOREWORD 

The stu3y reported herein was conducted by the U. S. Arny Engineer 

Waterways Experiment Station (WES) in furtherance of Department of the Army 

Research and Development Project lT062103A0l|6, "Trafflcabllity and Mobility 

Research," Task 02, "Surface Mobility."   This project is under the sponsor- 

ship and guidance of the Research, Development, and Engineering Directorate, 

U.  S. Army Materiel Command. 

Field tests were performed intermittently over a four-year period 

(1966-1969) by personnel of the Vehicle Studies Branch (VSB), Mobility and 

Environmental (M&E) Division, under the direction of Messrs. B. G. 

Schreiner and J. H. Robinson.    The report was prepared by Messrs. E. S. 

Rush and J. H. Robinson.    Personnel of the MScE Division in general super- 

visory capacity were Messrs. W. G. Shockley and S. J.  Knight, Chief and 

Assistant Chief, respectively,  of the division, A. A. Rula, Chief, VSB, 

and E. S.  Rush, Engineer, VSB. 

Directors of the WES during the test program and preparation of this 

report were COL John R. Oswalt, Jr., CE, COL Levi A.  Brown, CE, and 

COL Ernest D. Peixotto, CE.    Technical Directors were Messrs. J. B. Tiffany 

and F. R.  Brown. 
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CONVERSION FACTORS,  BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric 

units as follows: 

Multiply By To Obtain 

inches 2.5^ centimeters 

feet 0.30W meters 

yards O.Slhk meters 

miles  (U. S. statute) 1.6093^ kilometers 

square inches 6.1+516 square centimeters 

pounds 0.^5359237 kilograms 

tons  (2000 lb) 907.185 kilograms 

pounds per square inch 0.070307 kilograms per square 
centimeter 

pounds per cubic foot 16.0185 kilograms per cubic meter 

inch-pounds O.OI1521 meter-kilograms 

ix 
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SUMMARY 

A study was conducted to (a)  investigate the effects of soil surface 
conditions on one-pass drawbar pull capabilities of a wheeled vehicle, 
(b) relate optimum drawbar pull to soil strength as measured by several 
instruments,  (c) develop tentative equations for predicting optimum trac- 
tive coefficient, and (d) determine  effects of tire characteristics  (tread 
pattern and deflection) on drawbar pull.    One hundred and six drawbar pull- 
slip tests were conducted with a 3/i+-ton M37 truck at a gross weight of 
72h0 lb.    One tire size (9.00-16, 8-PR), two tread patterns  (smooth and 
nondirectional military), and two tire deflections {l% and 3%) were 
tested.    Surface conditions varied from dry and firm, to wetted with snail 
amounts of water, to flooded.    Asphalt surfaces also were tested. 

Measurements of soil strength were made with the standard cone pene- 
trometer, multiprobe penetrometer, sheargraph, soil truss, and friction 
wheel.    Optimum tractive coefficient  (opt TC), an index of maximum work 
output during a specific drawbar pull-slip test, was used as the measure of 
vehicle performance for all tests.    Using the opt TC values for analysis 
instead of a maximum TC. value at a selected slip valu« eliminated the prob- 
lem of determining the maximum TC value in cases where the drawbar-slip 
curves showed a gradual increase in pull with Increased slip through the 
entire range of slip.    In most tests, however, maximum TC and opt TC were 
nearly the same. 

Data were insufficient to determine quantitatively the effects of 
surface cover, soil type, etc., on opt TC.    Qualitatively, however, differ- 
ent surface conditions did affect opt TC in that dry, firm surfaces yielded 
the highest opt TC values, but when these surfaces were sprinkled with 
water, flooded, or covered with mud, opt TC values were reduced 
considerably. 

Analysis of data indicates that the multiprobe penetrometer and the 
sheargraph show the most promise as instruments for measuring surface con- 
ditions for predicting surface traction.    Based on multiprobe measurements 
at the l/h-tn, soil depth (MPTiA), the following equation was developed 
for predicting opt TC for treaded tires: 

opt TC = 0.0k x decimal deflection0,195 x MPI?/? 5 

xi 
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Based on sheargraph values (Sr), the following equations were developed for 
predicting opt TC for both treaded and smooth tires: 

Treaded tires 

opt TC = 0.265 [(decimal deflection x Sr)  
15] 

Smooth tires 

opt TC = 0.265 [(decimal deflection x Sr) - 0.^?]  15 

A comparison of measured opt TC and opt TC predicted using the three equa- 
tions listed above showed that, on the average, 62^ of the data points were 
within +0.10 opt TC of the 1:1 line. The overall average deviation was 
0.12 opt TC. 

In most tests for the same test conditions and deflections, treaded 
tires developed higher pulls than smooth tires except for tests on sand. 
For the same test conditions and tread patterns, higher pulls were devel- 
oped with tires at 35$» deflection than at 15^ deflection except for tests 
on pavement and a few tests on dry, bare surfaces. 

xii 



TRAFFICABILITY OF SOILS 

EFFECTS OF SURFACE CONDITIONS ON DRAWBAR PULL 

OF A WHEELED VEHICLE 

PART I: INTRODUCTION 

Background 

1. Studies concerned with the development of relations between 

natural-surface media and vehicle mobility have been conducted for a number 

of years. The ultimate objective of these studies is to develop a general 

set of mathematical expressions that adequately relate the effects of sur- 

face media on pertinent vehicle performance parameters. Performance param- 

eters considered include ability to go, drawbar pull, motion resistance, 

speed, and maneuverability. Surface media thus far investigated have been 

fine-grained soils, coarse-grained soils (sand), organic terrain (muskeg), 

and snow. For the most part, it has been deterinined that these four media 

react differently to vehicles operating over them; therefore, for the pres- 

ent they are being considered separately. Fine-grained soils are currently 

receiving the greatest attention in vehicle mobility research. 

2. Previous studies in fine-grained soils have emphasized develop- 

ment of performance criteria on a 50-pass* basis. This work is essentially 

complete and has been reported in numerous U. S. Army Engineer Waterwrys 

Experiment Station (WES) technical reports and papers. Current emphasis is 

being placed on development of one-pass criteria, and two reports related 

to one-pass performance have been published.*-* These reports indicate the 

need for additional study. 

*   Fifty trips of a vehicle over the same straight-line path. 
■** U. S. Army Engineer Waterways Experiment Station, CE, "One-Pass Perform- 

ance of Vehicles on Fine-Grained Soils," by C. J. Nuttall, Jr., C. W. 
Wilson, and R. A. Werner, Contrar4- Report 3-152, July 1966, and "A 
Study of the Effects of Wet Surface Soil Conditions on the Performance 
of a Single Pneumatic-Tired Wheel," by J. L. Smith, Miscellaneous Paper 
No. ^-757, Nov 1965, Vicksburg, Miss. 



3. Presently two different soil conditions are being studied in the 

development of a system for predicting one-pass vehicle performance. One 

condition is a deep soft soil (low soil mass strength) that permits appre- 

ciable vehicle sinkage, and the other condition is firm soil with a thin, 

soft surface layer that causes low vehicle traction but no (or little) 

sinkage. This report is concerned with the latter condition. 

Purpose and Scope 

Purpose 

h.    The general purpose of this study was to investigate the effects 

of surface conditions on the one-pass drawbar pull of a wheeled vehicle. 

The specific purposes were to: (a) relate measurements of drawbar pull 

(optimum tractive coefficient) to measurements of surface soil strength 

made with a variety of instruments; (b) develop tentative equations for 

predicting optimum tractive coefficient; and (c) determine effects of tire 

characteristics (tread pattern and deflection) on drawbar pull. 

Scope 

5. One hundred and six drawbar pull-slip tests were conducted with a 

3/h-ton*  M37 truck having a gross weight of 72kO  lb. One tire size (9.00- 

16, 8-PR), two tire patterns (nondirectional military tread and smooth), 

and two tire deflections (13% and 3%)  were tested. Three soil types (clay, 

silt, and sand) were tested. Surface conditions varied from dry and firm 

to wetted with small amounts of water to flooded. A few tests were con- 

ducted on firm soil overlaid with soft, viscous soil that varied in thick- 

ness from about 1/2 in. to about k  in. Asphalt surfaces also were tested. 

Definitions 

6. Most of the terms used herein have been defined in standard texts 

and glossaries of trafficability reports. Special terms will be defined as 

they occur in this report. 

* A table of factors for converting British units of measurement to metric 
units is presented on page ix. 



PART II: TEST PROGRAM AMD DATA REDUCTION 

Location and Descrlpbion of Test Areas 

7. The drawbar pull-slip tests were conducted on the WES reser- 

vation, Vicksburg, Miss.; at Hicks' farm in Louisiana, approximately 

7 miles west of Vicksburg; on an unsurfaced road of fat clay near the 

Sunflower River diversion canal approximately 8 miles north of Vicks- 

burg; and on the west bank of the Mississippi River near the bridge at 

Vicksburg. Summaries of soil properties and surface conditions are given 

in table 1. Soils were classified according to the Unified Soil Classi- 

fication System (USCS). Each test area is described briefly in the fol- 

lowing pcragraphs. 

WES Reservation 

8. Tests at WES were conducted at five different sites: an asphalt 

roadway, a prepared test lane in the stress building, a prepared test lane 

in hangar U, an upland silt area, and a natural bottomland silt area. 

9. Asphalt roadway. Fig. 1 shows the level asphalt roadway test 

site. 

| i   .' . - ft 

Fig.  1.    Asphalt roadway test site at WES 

10.    Stress building.    Fig.  2 shows a section of the lane in the 

stress building.    The lane was prepared from a fat clay (CH)  soil and was 



Fig. 2.    Section of prepared test lane in ctress building 

12 in. deep, ih ft wide, and 70 ft long.    Lane preparation will be de- 

scribed later.    Because the prepared lane was under shelter,  it could be 

preserved for extended periods. 

11. Hangar h. Fig. 3 shows a section of the test lane in hangar h. 

Tests were performed at this location to take advantage of a fat clay (CH) 

lane that had been prepared for another study. 

Fig. 3»    Section of prepared test lane in hangar h 



12. Upland flat. Fig. h shows the upland flat test area. Soils in 
this area were a silt (ML) and a lean clay (CL), and were covered with 

grass at the time of testing. Tests were begun on a natural soil surface, 

but as testing progressed, the surface was modified as described later. 

Fig. U. WES upland flat test site 

13. Bottomland flat. Fig. 5 shows a section of the bottomland flat 

test site. One segment of the area was dry and firm; the other was period-

ically flooded and a layer of soft silt (ML) of varying thickness had been 

deposited over residual firmer silt soil. Grass cover ranged from none to 

approximately 2.%\ height of grass was from 2 to 5 in. 

Fig. 5. Section of WES bottomland flat test site 

5 
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Hicks' farm 

1^.    Tests './ere conducted in a fat clay (CH) test lane at Hicks' farm 

(fig. 6).    The lane was first tested in its natural condition; i.e. the sur- 

face was covered with 0.5-in.-high grass, 

pared as described later. 

Thereafter, the surface was pre- 

Fig. 6. Hicks' farm 

Sunflower canal road 

15. Pig. 7 shows the Sunflower canal test road. This road was level 

and constructed of in situ fat clay (CH) soil. Local traffic had created 

indentations that tended to channel the test vehicle along distinct lanes. 

The road was first tested in its natural state; thereafter, the surface was 

changed as described later. 

Fig. ?• Sunflower canal road 
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Mississippi River 

l6.    Fig. 8 shows the Mississippi River test area.    Tests were con- 

ducted on clean sand (SP) of various moisture contents, depending upon the 

distance of the lares from the water's edge. 

Fig. 8.    Test site on bank of Mississippi River 

Test Lane Preparation and Test Sequences 

Stress building 

17»    The test lane in the stress building was constructed in an exca- 

vated 12-in.-deep pit.    The pit had been backfilled with fat clay soil proc- 

essed to a predetermined moistura content that was favorable for compac- 

tion and for smoothing the surface.    Soil was placed in the pit in approxi- 

mately k-in. lifts and compacted with a rubber-tired roller.    The surface 

of each lift was scarified for better bonding with each succeeding lift. 

Each lift was compacted until a soil strength of at least 150 cone index 

(Cl) was obtained.    After the final lift was compacted, the surface was 

leveled and smoothed with a wide steel wheel roller.    The test lane was 

then allowed to cure for a specified time.    Curing of the prepared soil per- 

mitted the moisture in the soil to become evenly distributed throughout the 

mass.    During the curing process, the test lane was covered with a water- 

proof membrane. 

18.    After construction of the lane was completed, drawbar pull-slip 
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tests were performed in the lane on four surface conditions: dry, smooth, 

firm, as built; after flooding and draining; flooded; and after a layer of 

soft, viscous soil had been placed over the firm surface. After completion 

of tests on each surface condition mentioned above, that portion of the 

surface affected (contaminated) either by wheels of the test vehicle or by 

the surface treatment was removed so that each new surface or test condi- 

tion started with a firm, dry smooth surface as similar as possible to the 

original surface. 

Hangar k 

19. The test lane in hangar h was constructed of fat clay soil com- 

pacted to a CBR of 9 (equivalent to approximately ^50 Cl). It previously 

had been used as a base for landing mat tests. The surface was leveled 

with a motor patrol and rolled smooth with a steel wheel roller, then 

lightly sprinkled with water prior to the drawbar pull-slip tests. 

Upland flat 

20. Dravbar pull-slip tests were conducted on both natural and pre- 

pared surfaces in the upland flat area. The natural surface cover ranged 

from 30fo  to 100^ of 2- to lU-in.-high grass. Tests were conducted on all 

the grass-covered areas while the surface was dry and on the 100^ grass- 

covered surface after sprinkling with water. For the prepared surface 

the grass was removed with a motor grader and the surface was compacted 

with a steel wheel roller. Tests were conducted while the surface was 

dry, after sprinkling the surface with water, and after flooding. Fol- 

lowing tests on each surface condition, the contaminated surface was re- 

moved with the motor grader and the new surface was rolled smooth before 

the next test or surface preparation. Surface CI of the dry, natural test 

lane was 287 (test A-10) and of the dry, prepared test lane was ^17 

(test A-17). 

Bottomland flat 

21. This flat was actually a hydraulic fill, but for purposes of the 

tests was considered to be natural soil since no preparations were made 

prior to testing. Surface Cl's ranged from 11 (test A-13) to 111 (test 

A-8), and surface cover ranged from none to 2%  of 2- to 3-in.-high grass. 

All tests were conducted on the natural surface. 

8 



Hicks' farm 

22. Drawbar pull-slip tests were conducted on the natural grass sur- 

face. Then the test lane was prepared for each bare surface condition in a 

manner similar to that of the upland flat test area. Tests were conducted 

on the following surface conditions: dry, flat, firm surface with 35^ sur- 

face cover of 0.5-in.-high native grass; the same surface after it had been 

sprinkled with water; a dry, smooth, firm suffice bare of vegetation; and 

the same bare surface after it had been sprinkled with water. 

Sunflower canal road 

23« Tests were conducted in this test area on the following surface 

conditions: dry, firm surface; firm surface after it had been sprinkled 

with water; and surface after it had been wetted by natural rainfall. 

Mississippi River sand beach 

2k.   Tests were conducted on natural, level beach surfaces. Three 

test locations were selected that provided three moisture conditions—dry, 

moist, and wet. Cone indexes at the surface were: 28 (test AS-29) for dry 

sand; 32 (test AS-31) for moist sand; and 2k  (test AS-33) for wet sand. 

Test Vehicle and Performance Measurements 

25. The test vehicle was a standard 3/^-ton M37 truck similar to the 

one shown in fig. 9« Two sets of 9.00-l6 tires were tested at two tire de- 

flections. One set of tires had standard military nondirectional treads 

(fig. 10), and the other set was the same type of tire except that the 

treads had been removed (fig. 11). The vehicle was loaded so that the 

wheel loads were the same for all test conditions. Pertinent tire data are 

given in the following tabulation: 

Tire 

Treaded 

Smooth 

Deflec- 
tion^ 

15 
35 

15 
35 

Inflation   Contact Area   Wheel 
Pressure 

psi 

39.1 
13.k 

38.3 
XO.k 

per Wheel 
sq in. 

56.8 
107.7 

kk.O 
105.5 

Load 
lb 

1810 
1810 

1810 
1810 

Contact 
Pressure 

Psi  

31.9 
16.9 

1*1.1 
17.1 



Fig. 9. M37 3A 
ton truck 

Standard, nondirectional 
tread tire 
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26.    The contact areas were measured from tire prints on a hard, un- 

yielding surface.    Interruptions of the contact area due to tread patterns 

were considered part of the contact area of the treaded tire.    Deflection 

is defined as follows: 

Percent deflection 

unloaded carcass section height* minus 
loaded carcass section height      1 „ 

unloaded carcass section height 

27.    Instruments were installed on the test vehicle to obtain a con- 

tinuous record of drawbar pull, driveline torque, wheel distance traveled 

by all wheels, and vehicle distance traveled.   Rut 

depths were measured with rod and level after each 

test.    A summary of vehicle performance data is given 

in table 2. 

Determination of Soil Strength Values 

28. A summary of soil strength data obtained 

with various instruments is given in table 3; the de- 

vices and methods used to determine soil strength and 

the data reduction procedures are described below. 

Cone penetrometer 

29. Soil strengths were measured with a standard 

hand-operated penetrometer similar to that used in soil 

trafficability studies (fig. 12) and a recording pene- 

trometer.    The recording penetrometer most used in 

these tests is shown in fig. 13; it is a hand-operated 

device.    Another recording penetrometer with cone and 

shaft mounted in a movable test carriage  (shown in 

fig. 1^) was used in the stress building. 

30. Standard penetrometer.    Soil strengths were 

measured with a standard penetrometer having a 30-deg 

apex angle cone with a base area of 0.5 sq in. mounted 

A-031 

Fig. 12.    Standard 
cone penetrometer 

*   Smith, op cit, p 1. 

11 
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Fig.  13.    Hand-operated recording penetrometer 

Fig. ik,    Penetrometer mounted on test carriage 



on a 0,625-in.-diain shaft, or with a base area of 0.2 sq in. mounted on 

a 0.375-in.-diajn shaft.    The value obtained by dividing the force  (in 

pounds) required to cause the cone to penetrate the soil by the base area 

(in square inches) of the cone is an index that reflects the shear resist- 

ance of the soil.    Cone indexes (Cl) were read from the dial gage when the 

cone base penetrated the surface and when it passed each inch increment to 

the 6-in. depth unless penetration resistance was greater than the capacity 

of the instrument.    Maximum vertical load capacity of the instrument was 

300 CI for the 0.5-sq-in. cone and 750 CI for the 0.2-sq-in.  cone.    The 

readings were obtained at a penetration rate of about 6 fpm.    Average CI 

values for each depth are shown in table 3. 

31. Recording penetrotneters.    The recording penetrometer used for 

all soil strength measurements except those made in the stress building em- 

ployed the standard penetrometer shafts and cones, but the proving ring and 
■ 

dial gage assembly were replaced with a load cell for electrically measur- 

ing the vertical force applied to the penetrometer handle and a linear po- 

tentiometer for electrically measuring depth of penetration.    Vertical load 

capacity and penetration rates were about the same as those for the stand- 

ard penetrometer.    Continuous records of CI's and penetration depth were 

made with an X-Y recorder.    Fig. 15 shows examples of recordings  for four 

penetrations made at one location on the test lane of test S-13.    Twenty 

penetrations along each test lane were recorded and values shown in table 3 

for a given test are the average of values read from the traces on the X-Y 

recorder. 

32. In the stress building, data recordings, number of penetrations 

made, and data reductions were similar to those described in the preceding 

paragraph.    However,   it will be recalled that the standard shaft and cone 

of the penetrometer were mounted in a movable test carriage.    The test car- 

riage moved on rails mounted at the sides of the test lane.    Downward force 

of the penetrometer was measured with a load cell; depth of penetration was 

indicated by precalibration of the gear mechanism that moved the  shaft and 

cone downward. 

Multiprobe penetrometer 

33-    The multiprobe penetrometer measurements were performed with the 
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Fig. 15.    Profiles obtained with hand-operated 
recording penetrometer, test S-13 

device shown in fig. l6.    The device can be used on standard penetrometer 

sheets by simply replacing the cone with the multiprobe plate.    Penetration 

was limited to a maximum of 1.75 in. below the surface, which was the 

height of the individual probes.    The probe tips had a total base area of 

0.5 sq in.    Nine individual probes, each with a tip diameter of 0.266 in. 

(area of 0.056 sq in.), were uniformly spaced in the base plate.    The indi- 

vidual probe stems were smaller in diameter  (0.125 in.) than the tips to 

minimize stem-soil friction during penetration.    For this program the meas- 

urements were made and recorded and data reduced in the same manner as 

that for the recording penetrometer.    Multiprobe index  (MPl) values are 

shown in table 3.    Values were read from the recorder traces at l/^-in. 

vertical intervals from l/h in. below the surface to a depth of 1-3A in' 

Cohron sheargraph 

3^.    Soil strengths were determined with the Cohron sheargraph (fig. 

17), a hand-operated shear device utilizing a coiled helical spring system 

for measuring axial and rotational forces.    Several different shear heads 

are available for this device, but the two used in this study were a vaned 
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head and a smooth, rubber-coated head, both of 2-sq-in. end area.    One end 

of the spring is attached to the shear head and one to a metal stylus.    The 

stylus responds to the yielding of the helical spring in both the vertical 

direction and in torsion, and it traces the response onto pressure- 

sensitive graph paper mounted in a drum attached to the handle of the in- 

strument.    Selected normal stresses up to 20 psi (approximate capacity) are 

applied to the handle and the instrument is rotated until shear failure 

occurs in the soil.    Shear failure may be abrupt with the vaned shear head, 

but usually it is gradual with the rubber head.    Linear relations of best 

visual fit for shear stress (approximating peak shear) versus normal stress 

were developed from the sheargraph charts  (approximately 10 charts per test 

lane were obtained).    These relations were used to obtain values for the 

effective adhesion (a    for rubber head),  effective cohesion (c    for vaned v r v   . 
head), and internal friction angle (^)  (shown in table 3 as tan 0 for ease 

of computation) of the soil being tested.     Shear stress values  (S    for 

vaned head and    S      for rubber head) were then computed for the contact 

pressure    N   of the vehicle by Coulomb's equation: 

S   = c    +  (N tan 6 ) v       v      v Mr 

S   = a   +  (N tan 6 ) r       r      v rr' 

For example, in test S-l (table 3) c = l'+.9 and tan j^ = O.h^k  , and 

N = 31.9 (from paragraph 25, treaded tires, 15% deflection); therefore 

S = 1^.9 + (31-9 x O.^) - 29.^ 

For contact pressures at 1% deflection (31*9 psi for treaded tires and 

^1.1 psi for smooth tires), extrapolations of stress-strain curves were 

necessary to obtain data points for correlation purposes because the maxi- 

mum normal stress capacity of the sheargraph was 20 psi. 

Mark II soil truss 

35.    The Mark II soil truss (fig. 18) was designed by the U.  S. Naval 

Civil Engineering Laboratory to obtain measures of the effective 
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Fig. 18. Mark II noil truss with rubber-coated ski 

coefficient of cohesion and. the effective angle of internal friction of in 

situ surface soils. The instrument consists of two pivotal legs attached 

to a collar that operates vertically on a calibrated loading cylinder. Ap-

plication of a vertical force on the cylinder is transferred through normal 

and shearing components to an anchored shoe on one leg and to a shear de-

vice on the other leg. By attaching one of several specially designed 

rubber-coated skis (shoes) or center-load tare (shear box) shear devices, 

the soil surface can be made to shear horizontally when load is applied 

vertically on the handle. Normal load range is between about 10 and 110 lb. 

The legs may be set at angles between 30 and 60 deg. For a given test con-

dition in this study, at least five measurements were made of shear at dif-

ferent combinations of loads and leg angles. The load and angle readings 
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Pig.   19- Field chart for soil truss with large rubber ski, 
data from test S-13 

were then transferred to field charts, a sample of which is shown in fig. 

19. A line of best fit was drawn through the measured data points to de- 

velop the envelope of failure for the particular soil condition tested. 

Measures were then obtained of effective adhesion (a ) for the rubber ski, 
s 

effective cohesion (c.) for the center-load tare, and angle of internal 

friction  (f6).    Tan ft   values instead of angle values are shown in table 3 

for convenience when computing shear stress values.    Shear stress values 

(S     for rubber ski and   S.     for center-load tare) were computed for con- 
S Xi 

tact pressure   N   of the vehicle by Coulomb's equation: 

S    = a    + (N tan 6 ) s        s rs 

S.   = c.   + (N tan fi.) 
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For example, in t e s t P - l ( t ab l e 3) a = 0 and tan 0 = 0.810 , and s s 
N = 31.9 psi (paragraph 25, treaded tires, 15$ deflection); therefore 

Sg = 0 + (31.9 X 0.810) - 25.8 psi 

Friction wheel 

36. Soil strength measurements were made with the friction wheel 

shown in fig. 20. This device was. designed to measure the shear resistance 

Fig. 20. Friction wheel 

of in situ soil produced by the rotation of a smooth, hard, rubber wheel 

11.818 in. in diameter and 2 in. wide.* The friction wheel was originally 

mounted in a stationary frame for laboratory use, but for this study it was 

* M. P. Meyer, "Comparison of Engineering Properties of Selected Temperate 
and Tropical Surface Soils," Technical Report No. 3-732, June 1966, U. S. 
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss. 
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mounted in a portable frame for field use.   The wheel was attached to a 

counterbalanced beam center pivoted so that the wheel could be made to Just 

touch the soil surface (zero load on the wheel) for calibration purposes, 

and a desired constant vertical load could be applied during testing.    Dur- 

ing the tests, measurements were made of torque, angular displacement, and 

sinkage of the wheel during two revolutions (720 deg).    These measurements 

were made with wheel loads of 5> 20, and 35 lb and were electrically re- 

corded on an X-Y recorder.    For a given test lane at least eight measure- 

ments were made with each wheel load.   A sample of test results is shown in 

fig. 21 for a 35-lb load in test S-2.    By combining three test parameters 
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Fig. 21.    Example of friction wheel record trace 

(torque, radius of wheel, and contact area of wheel), an index of the shear 

strength (traction index, Tl) of the soil measured by the rotating wheel 

was computed for each load using the following equation: 

TT /    . \ torque (in.-lb) ______ 
^    ' ~ radius of wheel (in.) X contact area (sq in.) 

where 

contact area = width of the wheel (2 in.) x the arc length of the 
wheel in contact with the soil after 720-deg rotation 

torque = average for 720-deg rotation 
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Fig.  22.    Stress building test S-2.    Friction wheel 
contact pressure versus traction index 

37.    A plot was then made of friction wheel contact pressure  (varies 

with load and sinkage as well as torque) for each test (fig. 22 shows re- 

sults of test S-2).    To obtain TI for the test, a line of best fit was 

drawn through the data points and TI was read from the line at the contact 

pressure of the vehicle. 

Optimum Tractive Coefficient  (Opt TC) 

38.    The drawbar pull-slip curves that were developed in this study- 

had many different shapes.    It was desirable to select a drawbar pull value 

for each test that, by definition, would be consistent for all tests and 

that could be used to establish correlations with soil strength as measured 
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by the various measuring devices.    The value selected, opt TC, is based on 

criterion of maximum work output (WOC) during a specific drawbar pull-slip 

test.   A WOC curve is developed from the tractive coefficient (TC) slip 

curves as shown in the example in fig. 23.    The slip at which maximum WOC 

SLIP 

Fig. 23.    TC and WOC versus  slip 

occurs is termed optimum slip and the tractive coefficient at this slip is 

termed opt TC.   WOC is an arbitrary index of efficiency defined as the 

ratio of "work output" to 'Vork input" where work output is drawbar pull 

(D) times the distance the vehicle travels  (S) in the time interval (t) 

and work input is the weight of the vehicle  (w) times the distance the 

wheels travel (L) in the same time interval (t), or 

and since 

„„     D(s/t 
W0C=w(L7t 

^ = TC W = TC 

and slip = 1 - 

or = 1 - slip 

then WOC = TC (1 - slip) 
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PART III:    ANALYSIS OF DATA 

39.    Analysis of data consisted of:     (a) a presentation of drawbar 

pull-slip data and the average curve for each test,  (b) correlations be- 

tween opt TC and soil strength measurements made with each of the several 

instruments, and (c) a study of the effects of surface conditions, tire 
■ 

treads, and deflections, respectively, on opt TC and slip. 

Drawbar Pull-Slip Tests 

kO,    Drawbar pull-slip data points and average curves for each test 

are shown in plates 1-14.    For a given test condition data were plotted on 

the basis of tires with and without treads and 1% and 35$ deflections.    In 

some cases the data points between dofo and 100$ slip indicate sharp in- 

creases in pull when compared with pulls at lesser slips.    This probably 

occurred when the tires dug through wet surface layers and gained traction 

on firm soil beneath.    In these tests the average curves at the high slips 

are shown as dashed lines.    The number of the plate in which the test data 

for each test area are plotted is tabulated below.    Tests are discussed in 

the following paragraphs in order of area location. 

Test Area Plate No. 

WES Reservation 
Asphalt roadway 1 
Stress building 2-5 
Hangar k 6 
Upland flat (natural surface) 7 
Upland flat (prepared surface) 8 
Bottomland flat 9 

Hicks* farm 10-12 
Sunflower canal road 13 
Mississippi River sand beach lh 

WES Reservation 

^1.    Asphalt roadway.    Four tests were conducted on the asphalt road- 

way (plate l).    For all tests opt TC was attained at wheel slips between 

12% and 16^.    Treaded tires developed higher pulls than smooth tires at the 

same deflection. 
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k2.    Stress building. Twenty-five tests were conducted on prepared 

surfaces in the stress building (plates 2-5). Results are discussed accord- 

ing to surface conditions in the following subparagraphs. 

a. Dry surface. Nine tests were conducted—four with treaded 
tires at 15% deflection, three with treaded tires at 35% de- 
flection, and one each with smooth tires at each deflection 
(plate 2). In fig. a, data for three tests (S-l, -2, and 
-5) could be grouped so that an average curve could be used. 
However, test S-28 on an apparently similar surface showed 
drawbar pull-slip characteristics that were different from 
the other three tests. In fig. b, data for the three tests 
were very similar and could be grouped so that one average 
curve represented all three tests. 

b. Flooded surface. Four tests with treaded tires were conducted 
on flooded surfaces (plate 3). Test S-6 at 1%  deflection and 
test S-7 at 3% deflection were conducted on the same flooded 
surface. Upon completion of these tests, the surface water 
was drained, the "contaminated" surface soil was removed, and 
the surface was reflooded. Then tests S-10 and S-ll were con- 
ducted on the reflooded surface. Differences in drawbar pull 
between tests S-6 and S-7 and S-10 and S-ll for the same tire 
deflection were readily apparent. These differences in draw- 
bar pull were anticipated from soil strengths measured prior 
to testing. For example, in tests S-6 and S-7 a multiprobe 
index value of 97 was measured at the l/h-in.  depth whereas 
in tests S-10 and S-ll a value of 35 was measured (table 3). 
This difference in soil strength indicates that all of the 
contaminated surface soil had not been removed between the 
surface floodings. 

c. Drained surface. Four tests were conducted with treaded 
tires only on drained surfaces (plate k).    These tests fol- 
lowed the tests discussed above on flooded surfaces after 
surface water had been removed. For example, test S-6 at 
15% deflection on the flooded surface was followed by test 
S-8 at the same deflection on the drained surface condition. 
As can be seen in plate k,  for the same deflection, differ- 
ences in pull were experienced between first and second 
drainings. Again, as in the case of flooded surface tests, 
the differences in pull were indicated by differences in 
soil strength although surface treatments were observed to 
be the same for both drainings. 

d. Mud-covered surface. Eight tests were conducted on mud- 
covered surfaces (plate 5). Mud depths tested were 3, 1, 
and 3A ^n' Three tests were conducted with treaded tires 
at 15% deflection, three with treaded tires at 35% deflec- 
tion, and two tests were conducted with smooth tires, one 
test each at 15% and 35% deflections. Effects of depth of 
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mud on drawbar pull were generally as expected, i.e. the 
deeper the mud, the lower the pull when all other factors 
were the same. However, drawbar pulls were low (less than 
about 2000 lb) for all test conditions. Treaded tires devel- 
oped higher pulls at both tire deflections than smooth tires 
at either tire deflection. Drawbar pulls with smooth tires 
were less than about 500 lb at 35</o deflection and less than 
about 200 lb at 1%  deflection. 

1+3. Hangar h,  sprinkled surface. Four tests were conducted on the 

sprinkled surface (plate 6). Two tests were conducted with treaded tires, 

one test at 15/0 and one test at 35^ deflection; and the same pattern was 

followed with smooth tires. Treaded tires at both deflections developed 

more pull than smooth tires at either deflection. For a given tire tread 

pattern, 35% deflection developed more pull than 1%  deflection. Wheel 

slip at opt TO was high (36l/0 to Uo/o). Smooth tires at 1% deflection 

could not pull over UOO lb. 

hh.    Upland areas. 

a. Natural grass-covered surfaces. Six tests with treaded 
tires (four at 1%  deflection and two at "$%  deflection) 
were conducted on natural surfaces that varied in grass 
cover from 30% to 100% (plate ?)• Two of the tests were con- 
ducted on 100%; grass cover after sprinkling with O.k  in. of 
water. In fig. a, plate 7» it can be seen that highest 
pulls were developed on 30% grass-covered surfaces. Data 
points were scattered such that an average drawbar pull-slip 
curve was drawn for tests on 70% and 100% grass-covered sur- 
faces. The sprinkled, 100% grass-covered surface (when com- 
pared with the same dry surface) had little effect on draw- 
bar pull at either tire deflection except at wheel slips 
above about 20%. 

b. Prepared surface. Fourteen tests were conducted on prepared 
surfaces on the upland area (plate 8). In each of the four 
plots, the effects of surface condition on drawbar pull and 
slip can be seen. The lowest drawbar pulls were developed 
in tests with treaded tires at 15% deflection on flooded sur- 
faces; no drawbar pull was developed until wheel slip was 
above U0%. In one test with treaded tires at 15% deflection 
and two tests with smooth tires (one at 15% and one at 35% 
deflection) the vehicle was immobilized on the flooded sur- 
face before drawbar pull could be developed (table 2). 

* 

h'j.    Bottomland area, natural surface. Six tests were conducted on 

natural, soft soil conditions and two tests were conducted on firm soil 

(plate 9)» Twenty-five percent of the firm soil surface was covered with 
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2- to 3-in.-high grass. The soft soil surfaces were bare for two tests and 

had a 10^ cover of 2- to 3-in.-high grass for the remaining four tests. Ef- 

fects of the grass cover on drawbar pull in this area could not be deter- 

mined; effects of soft soil (CI0* range 11-^3) on the drawbar pull-slip 

curve can be seen when compared with curves for tests on firm soil (CI0 

range 102-111). 

Hicks* farm 

^6. Natural surface. Four tests were conducted on natural 3% grass- 

covered surfaces. Two tests (AC-52 and AC-53) were conducted on dry sur- 

faces and two tests (AC-p^ and AC-55) were conducted on the same surfaces 

after sprinkling with 0.25 in. of water. The effect of sprinkling can be 

seen by comparing drawbar pull-slip curves for similar tire deflections in 

plate 10. 

^7. Prepared surface. After completion of tests on the natural sur- 

face, the grass and contaminated soil surfaces were removed by a motor 

grader. Fifteen tests were conducted on dry and sprinkled surfaces with 

treaded and smooth tires at 1%  and 35$ deflections, plates 11 and 12. For 

a given tread pattern and tire deflection, pulls on dry surfaces were gener- 

ally about the same for each test; for tests after surfaces were sprinkled 

(plate 12), some variations in pull occurred, probably because of differ- 

ences in amounts of water applied or differences in elapsed time between 

sprinkling and running the test. 

Sunflower canal road 

U8. Fourteen tests were conducted on the Sunflower canal road (plate 

13). One test (test R-5) was conducted on a dry surface to establish a 

base line. The other tests were conducted to determine the effects of 

amount of water application and elapsed time between wetting and conduct of 

the test on drawbar pull and slip. Tests were conducted with treaded tires 

at 15$ deflection. Examination of moisture contents (table l) and drawbar 

pull-slip curves (plate 13) indicates that surface wetting from rainfall 

had less effect on reducing drawbar pull than artificial wetting. 

*   Cl   designates cone index at the surface, i.e. 0-in. depth. 
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MlsBlssippl River sand beach 

^9. Twelve tests were conducted on the Mississippi River beach 

(plate Ik),    Tests were conducted on dry, moist, and wet sand with both 

treaded and smooth tires at 15^ and 35^ deflections. Moist and wet sands 

permitted higher opt TC than dry sand for both tire patterns and both de- 

flections. Higher opt TC's were developed for smooth tires than for 

treaded tires for each sand condition and tire deflection, except dry sand 

at 1% deflection . This test (test AS-37) with smooth tires shows that 

the vehicle was experiencing about 50^ wheel slip before developing any 

traction; this test may be in error. 

Opt TC for Treaded Tires at 13i Deflection 
and Soil Property Measurements 

50. In the previous paragraphs, average drawbar pull-slip curves 

were discussed and data points and average curves were shown in plates 1-lh, 

Also shown in the plates were optimum tractive coefficient (opt TC) values 

for each curve as determined by the method given in paragraph 38. In this 

part of the analysis the relations between opt TC and soil property measure- 

ments will be presented. These relations will be determined first on the 

basis of test results of the 50 tests with treaded tires at 15^0 deflection. 

For those soil property measurements that show some degree of correlation 

with opt TC, results of the remaining tests (32 with treaded tires at 35$ 

deflection, and 12 tests each with smooth tires at 1%  and 35^ deflections) 

will be used to complete the analysis. 

Opt TC versus CI 

51. Preliminary analysis of data indicated that relations between 

opt TC (table 2 and plates 1-1^-) and CI (table 3) at all depths were poor; 

however, the surface CI (CIn) value appeared to have a better relation with 

opt TC than CI at other depths and is, therefore, shewn in plate 15 for 

each test area and in plate 16 for all tests. CI data measured with the re- 

cording penetrometer were used when available. During a few tests on WES 

upland and bottomland areas and at Hicks' farm this device was inoperative; 

therefore, data measured with the standard penetrometer were used. CIn 

values above 300 were plotted on the 300+ line since it was felt that soils 
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with surface strengths between 300 CI and maximum capacity of the instru- 

ment (750 Cl) would have undetectable effects on opt TC.    It can be seen, 

particularly in plate 15, that effects of wet surface layers on opt TC are 

not measurable by the cone penetroraeter.    For example in fig. a, test B-l6 

was conducted on a sprinkled surface with an extremely high CI0 but an opt 

TC of only 0,19 was developed, while in test 28 on a dry surface and CI0 of 

287 an opt TC of 0.80 was developed.    Lack of correlation between opt TC 

and CI0 can also be seen in fig. d, which records data from Sunflower canal 

road where nine tests were conducted on soil with CI   greater than 300 and 

opt TC ranged from 0.59 (test R-5, dry surface) to 0.17 (test R-l,  sprin- 

kled surface). 

Opt TC versus multiprobe index (MPl) 

52.    Preliminary analysis of data indicated that relations between 

opt TC (table 2 and plates 1-lk) and MPI (table 3) were best for MPI at the 

l/k-in, depth (MPI./,) as shown in plate 17 for individual test areas and 

in plate 18 for all tests with treaded tires at 15/0 deflection.    MPI data 

were not collected for all tests because of electrical-mechanical problems 

with the equipment.    Examination of plates 17 and 18 indicates that multi- 

probe measurements correlate better with opt TC than cone penetrometer meas- 

urements (plates 15 and 16) discussed in the previous paragraph.    There is, 

however, still considerable scatter in the data in plate 17. 
■ 

Opt TC versus shear stress  (S) 
measurements with sheargraph 

53»    Relations between opt TC and shear stress as measured with the 

sheargraph metal vaned head (S ) and the rubber head (s ) are discussed v r 
below. 

5^.    S .    Opt TC versus S    is shown in plates 19 and 20 for treaded 

tires at 15% deflection.    On firm, dry surfaces, particularly prepared sur- 

faces, the vaned shear head produced maximum shear stresses that exceeded 

instrument capability; therefore, for about 26 tests S   was not determined. 

A general trend of increasing opt TC with increasing S   exists for tests in 

the stress building (fig. a, plate 19) and WES upland and bottomland 

tests  (fig. b, plate 19). 

55.    S .    Opt TC versus S   is shown in plates 21 and 22 for treaded r 1* 

28 



^»   ■■ 11^—■—^—■—^„i 

i 

! 

■ 

■ 

tires at 15^ deflection.    S   gave the best correlation with opt TC of all 

measurements examined.    For individual test areas (plate 21) correlations 

were good, but after tests were grouped (plate 22) some scatter was ap- 

parent.    Some scatter may be attributed to differences in surface cover 

(grass or bare) or differences in soil types (CH, ML, and SP).    Also 

for tests A-2, -'+, and -5 (fig. b, plate 21) a thin surface crust was not 

removed before S   measurements were made; therefore, S   values are higher 

than they should be for the corresponding opt TC value.    However, the low 

opt TC values for these tests were caused by the low mass soil strength be- 

low the thin surface crust as indicated by the low (less than 50) CI- val- 

ues, plate 15. 

Opt TC versus shear stress (S) 
as measured by soil truss  

56, Relations between opt TC and shear stress as measured with the 

soil truss rubber ski (S ) and center-load tare device (S. ) are discussed 

below.    Data are shown in plates 23-26. 

57«    S .   Data were measured for 1+7 of the 50 tests with treaded 
S 

tires at 15% deflection. The three tests for which S data were not meas- 
s 

ured were soft surface soils in which shear occurred without normal load, 

indicating the instrument itself was too heavy for these particular condi- 

tions.    Predicting opt TC from S    shows some promise as indicated for WES 
s 

areas and Hicks' farm; however, correlations are not considered as good as 

l shear stress measured with the sheargraph (s ). 

58.    S..   The strength of the soil at Hicks' farm was beyond the ca- 

pacity of the center-load tare measuring device (and it was believed that 

that on the Sunflower canal road would prove to be also).    It was con- 

cluded, therefore, that this instrument was not suitable for measurements 

of surface layers except perhaps for sand surface layers for which the in- 

strument was originally designed. 

Opt TC versus traction index (Tl) 

59»    Plots of opt TC versus TI are shown in plates 27 and 28 for 

treaded tires at 1% deflection.    Very little data were collected with the 

friction wheel because of the difficulty of moving it frofi one test area to 
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another. The two plates indicate that correlations of opt TC and TI are 

not good. 

Summary of relations between 
opt TC and soil property measurements 

60. Data were insufficient to determine, quantitatively, the ef- 

fects of surface cover, soil type, surface treatments (sprinkled, flooded, 

etc.), or prepared versus natural surfaces on opt TC. Obviously, how- 

ever, different surface conditions did affect opt TC values in that dry, 

firm surfaces yielded the highest opt TC values, but when these surfaces 

were sprinkled, flooded, or covered with mud, opt TC values were reduced 

considerably. For the most part, the reductions in opt TC values are re- 

flections of reductions in surface strengths as measured principally with 

the multiprobe penetroraeter and the sheargraph. From the preceding analy- 

sis based on the tests with treaded tires at 1% deflection, MPI1 A   and S 

best correlate with opt TC. 

Effects of Tire Characteristics, MP1  /,,  and S on Opt TC 

6l. In the previous paragraphs, relations between opt TC and soil 

property measurements for treaded tires at 1% tire deflection were ana- 

lyzed since it was under these conditions that most tests were conducted. 

Prom the analysis, it appeared that MPI, /^ and S were the measurements 

that would best correlate with opt TC. In the following paragraphs, the 

effects of tire characteristics (tread pattern and deflection) on opt TC 

are discussed. In discussions concerning MPL. yv and S it will be neces- 

sary to refer to the preceding analysis and to previously referenced plates 

showing treaded tires at 1% deflection. 

Opt TC versus MPI]_A for treaded tires 

62. Relations between opt TC and MPI, /^ for treaded tires at 1% 

deflection are shown in plate 18. A curve of best visual fit has been 

drawn through the data points. To obtain a measure of the scatter of 

data around the curve, a count was made of the tests that plotted inside 

and outside an arbitrary +0.10 opt TC deviation from the curve. Of the 

total of 39 tests, 28 tests (72^) were within +0.10 opt TC deviation. The 
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average deviation of opt TC for the 11 tests (28%) outside the jO.10 devia- 

tion limit was 0.28.    The greatest deviations were for one test  (S-28) on 

a prepared dry surface and two cests (B-l6 and AC-US) on prepared sprinkled 

surfaces.   Average deviation of opt TC from the curve for the 39 tests 

was 0*11. 

63.    Relations between opt TC and MPI-iA for treaded tires at 35% 

deflection are shown in plate 29,   The data points in this plate were 

similarly analyzed.    Of the total of 26 tests, l6 tests (62%) were within 

a deviation of +0.10 opt TC of the average curve.    Average deviation of 

opt TC for the 10 tests  (38%) outside the +0.10 deviation limit was 0.2?. 

As for 15% deflection, the greatest deviations were for tests on prepnred 

dry surfaces (S-3, -^> and -29) and tests on prepared sprinkled surfaces 

(B-17 and AC-M+).    Average deviation of opt TC from the curve for the 26 

tests was 0.11. 

Opt TC versus MPI, A for smooth tires 

61+.    Relations between opt TC and MPI, yv for smooth tires at 15% and 

35% deflections are shown in plates 30 and 31» respectively.    Eleven tests 

were conducted at each deflection and, as can be seen in the two plates, 

correlations were poor; therefore, average curves were not drawn. 

Opt TC versus Sr for treaded tires 

65. Relations between opt TC and S    for treaded tires at 15% de- 
r 

flection are shown in plate 22. A curve of best visual fit was drawn 

through the data points. To obtain a measure of scatter of data points 

about the curve, an analysis was performed similar to the one described 

for opt TC versus MPI, /^ for treaded tires at 15% deflection (paragraph 

62). Of the total of k? tests, 28 tests (57%) plotted within a +0.10 

opt TC deviation of the average. Average opt TC deviation of 18 tests 

(excluding tests A-2, A-U, and A-5 for reasons described in paragraph 55) 

above +0.10 was 0.17. The greatest deviation was for test S-28 (prepared 

dry surface). Average deviation of opt TC from the curve for the 1+9 tests 

was 0.11. 

66. Relations between opt TC and S for treaded tires at 35% deflec- 

tion are shown in plate 32. A total of 31 tests were conducted; 2k tests 
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(77/0 plotted within a jO.10 opt TC deviation of the average.    The great- 

est deviation (0.^1) occurred for test A-3, natural soil with a slightly 

crusted surface underlain by soft soil.    Average deviation of opt TC from 

the curve for the 31 tests was 0.09. 

Opt TC versus Sr for smooth tires 

67.    Relations between opt TC and S   for smooth tires at 1% and 35f 

deflections are shown in plates 33 and 3*1, respectively.    Eleven tests were 

conducted at each deflection, and curves of best visual fit were drawn 

through the data points.    For 1% deflection, 5% of the tests plotted 

within +0.10 opt TC deviation of the average.    For 1% deflection, 1% of 

the tests plotted within +0.10 opt TC deviation of the average.    Average 

deviation of opt TC from the curve for the 11 tests at 15</o deflection was 

0.11 and for the 11 tests at 1% deflection was 0.08. 

Summary of opt TC versus MPIi/l^ 
and Sr for treaded and smooth tires 

68.    Relations of opt TC and MPI 

tires are summarized in the following tabulation: 

, A   and S    for treaded and smooth 
\/k r 

Soil Strength Measurement    Plate 
and Tire Characteristic 

MPI  z^; treaded, 1% defl 

MKL/^5 treaded, 35/» defl 

V treaded, 1% defl 

v treaded, 35$ defl 

Sr; smooth, 1%  defl 

V smooth, 35$ defl 

No. 

Total % of Data 
Ilo. of Points Within 
Data +0.10 Opt TC 

Points Dev of Avg Curve 

18    39 72 

29    26 62 

Total 65 Avg 67 

22     kS 57 

32     31 81 

Total 80 Avg 69 

33    11 55 

3^    11 73 

Total 22 Avg 61+ 

Avg Dev of All 
Data Points 
from Avg Curve 

0.11 

0.11 

Avg 0.11 

0.11 

0.09 

Avg 0.10 

0.11 

0.08 

Avg 0.10 

From the tabulation above, it can be seen that MPI, /^ and S    showed 

some promise for predicting opt TC; however, S   was probably the better of 

the two.    Had sufficient tests been conducted on a wide range of surface 
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conditions,  it is conceivable that the relations could be improved for both 

measurements by accounting for differences in soil type, surface cover, and, 

possibly, other factors instead of combining all data for a given tread pat- 

tern and tire deflection as was necessary herein. 

Tentative equations 
for predicting opt TC 

69. The curves of best visual fit for each tread pattern and deflec- 

tion (see plate numbers in paragraph 68) are summarized in plate 35« Anal- 

ysis of these curves resulted in the development of tentative equations 

for predicting opt TC based on deflection (expressed as a decimal), MPl^yv» 

and SM . r 
70. Treaded tires. The two deflection curves shown in figs, a and b 

of plate 35 for opt TC versus MPI./^ and opt TC versus S , respectively, 

may be collapsed on the basis of deflection as follows: 

0.5^5 opt TC = O.OU x deflection0,195 x MPIwjj 

opt TC = O.265   [(deflection x Sr)     
15] 

71.    Smooth tires.   The two deflection curves shown in fig. c of 

plate 35 for opt TC versus S   may be collapsed on the basis of deflection 

as follows: 

opt TC = 0.265   [(deflection x S ) - 0.^7]0'815 

Curves were not developed for opt TC versus MPI1 /.   for smooth tires. 

72.    Comparison of measured and predicted opt TC.    Comparisons were 

made of measured opt TC values as shown in table 2 and predicted opt TC 

values from equations shown in the preceding paragraph.    The comparisons 

are shown graphically in plate 36 and are summarized in the tabulation on 

the following page. 
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Soil Strength Total io of Data Points 
Measurement and No. of Within +0.10 Avg Dev of 

Tire Tread Data Opt TO of Predicted from 
Pattern Points 

65 

the 1:1 

63 

Line Measured Opt TO 

MPI1/j , treaded 

S , treaded 

0.15 

80 60 0.11 

S , smooth 22 63 0.09 

Average 62 0.12 

73«   When comparing the above-listed percentages with percentages of 

points within +0.10 opt TO of average curves for each deflection in para- 

graph 68, it can be seen that by collapsing the curves on the basis of de- 

flection some reduction (approximately h percentage points) is effected in 

the number of points within +0.10 opt TC of the average lines.    The overall 

average deviation of predicted from measured values was 0.12, slightly 

higher than that for the individual curve for each deflection in para- 

graph 68. 

Effects of tread pattern on opt TC 

7*+.    Effects of tread pattern on opt TC are shown in plate 37.    In 

this plate opt TC for smooth tires was plotted versus opt TC for treaded 

tires for the same deflection and for the same test conditions.    For exam- 

ple, item 10, table 1, describes the test conditions for test S-20 (smooth 

tires at 1% deflection) and test S-21 (treaded tires at 15^ deflection); 

opt TC's for these two tests are plotted at 0.01  (test S-20, table 2) and 

0.\h (test S-21, table 2), in fig. a, plate 37.    Sixteen different test con- 

ditions  (tests at two different deflections  for the same test condition were 

considered as two different test conditions) were used in detsrmining ef- 

fects of tread pattern on opt TC. 

75«    Nine of the ten tests on prepared surfaces show opt TC for 

treaded tires to be higher than opt TC for smooth tires.    For the four sand 

tests opt TC's for treaded tires were slightly higher than opt TG's for 

smooth tires for the two tests on dry sand, but opt TC's for smooth tires 

were higher than opt TC's for treaded tires for the two tests on wet sand. 

For both tests on pavement, treaded tires had slightly higher opt TC than 

smooth tires. 
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Effects of deflection or. opt TC 

76.    Effects of deflection on opt TC are shown in plate 38.    Of the 

36 test conditions, tires at 35$ deflection developed higher opt TC's than 

tires at 15% deflection, except for items 35, 38, and ^0 for treaded tires 

and item 38 for smooth tires, all on dry conditions at Hicks'  farm, and for 

pavement.    However, these items (except for pavement) plot close to the 1:1 

line.    The reason for tires at 15^ deflection developing higher opt TC's 

than tires at 35^ deflection on pavement needs further investigation. 
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PART IV:    SUMMARY OF TEST RESULTS AMD RECOMMENDATIONS 

Summary of Test Results 

77•    Results of the test program are summarized below: 

a. Data were insufficient to determine,  quantitatively, the ef- 
fects of surface cover, soil type, etc., on optimum tractive 
coefficient   (opt TC).    Qualitatively,  however, different sur- 
face conditions did affect opt TC values in that dry,  firm 
surfaces yielded the highest opt TC values, but when these 
surfaces were sprinkled, flooded, or covered with mud, opt 
TC values were reduced considerably.    For the most part, the 
reductions in opt TC values were reflections of reductions 
in surface strengths  (paragraph 6o). 

b. The multiprobe penetrometer and the sheargraph show the most 
promise as instruments for measuring surface conditions for 
predicting surface traction  (paragraph 6o).    However, other 
instruments  should not be completely ruled out until other 
surface conditions and vehicles are tested. 

c. Tentative curves were developed for predicting opt TC based 
on tire deflection,  tread pattern, and soil  strength measure- 
ments with the multiprobe penetrometer and the sheargraph 
(paragraphs 69-71). 

d. Comparisons of measured and predicted opt TC's show average 
deviations as follows: 

Multiprobe  index   (MPL.*),  treaded  tires  only = 0.15 

Sheargraph  (S  ),   treaded tires = 0.11 

Sheargraph  (Sr),  smooth tires = 0.09    (paragraph 72). 

e. In most tests for the same test conditions and deflections 
treaded tires developed higher pulls than smooth tires ex- 
cept for tests on sand (plate 37). 

f. For the same test conditions and tread patterns higher put Ls 
were developed with tires at 35$ deflection than at 15'"' de- 
flection except for tests on pavement and a few tests en dry, 
bare surfaces   (plate 38). 

Recommendations 

78.     It is recommended that: 

a.    Surface traction studies be continued with different wheeled 
and tracked vehicles. 
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b. Surface traction studies be expanded to include other pre- 
pared and natural surfaces  (level and sloping). 

c. Search be continued for an instrument to best quantify sur- 
face conditions. 

d. Measurements with the sheargraph and multiprobe penetrometer 
be continued in surface traction studies; however,  different 
configurations of sensing elements and test procedures 
should be investigated for possible improvement of measuring 
capabilities. 
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It« No. 
In 

Plate 
and 

Tire 
Trac tlve Coefficient (TC) Torque Output Coeffi 

At Max               At Max 
TC        At TC        TC 

oient (Te)t 
At          At 

Optimum   Zero 
Max at At 

Max 
at 

Optimum Rut 

Tut Smooth or Coeffi- Depth 

No. Table 1 Fl«. No. Treaded Lil <50*S»» son Any 8 cient |8 <5016S 20f S AnyS TC Pull in. 

Asphalt Pavement 

P-l 1 1-a Treaded !•> 0.91 0.90 0.91 0.87 11' 1.02 0.85 1.02 0.97 0.02 0.0 
P-2 1 1-a Treaded 3? O.83 0.82 0.91 0.78 12 0.96 0.95 0.96 0.88 0.05 0.0 

v-i 1 1-b Smooth 15 '.89 0.8? 0.9O 0.85 16 0.95 0.91. O.96 O.87 0.02 0.0 
r-h 1 1-b Smooth 35 f.80 0.78 0.82 0,76 16 0.85 0.81. 0.8b 0.83 o.oi. 0.0 

Stress 

S-l 2 2-a Treaded 15 3.78 0.68 0.95 0.66 18 O.85 0.71. 1.03 0.72 0.03 ,. 
S-2 3 2-a Treaded 15 0.78 0.68 0.95 0.66 18 O.85 0.7l. 1.03 0.72 0.03 0.7 

8-3 3 2-b Treaded 35 0.87 0.80 0.91 0.80 20 O.96 0.89 1.10 0.89 O.Olt 0.3 
s-i. U 2-b Treaded 35 0.87 0,80 0.91 0.80 20 0.16 O.89 1.10 0.89 0.04 0.3 
S-5 It 2-a Treaded 15 0.78 0.68 0.95 0.66 18 0.85 0.7lt 1.03 0.72 0,03 0,6 

8-6 •j 3-a Treaded 15 0.31 0.12 O.ltO 0.26 1.2 0.36 0.16 O.W 0.31 0.03 0.5 
S-l 5 3-b Treaded 35 0.38 0.31 O.lll 0.32 22 O.1.3 0.35 0.1.7 0.37 0.05 0.2 
S-6 6 "»-a Treaded 15 0.33 0.26 0.36 0.29 28 0.1.0 0.32 0.58 0.29 0.06 0.9 
S-9 6 ■t-b Treaded 35 0.1.8 0.lt3 0.52 0.1^ 21. 0.56 0.50 0.70 0.53 0.05 0.6 
S-10 7 3-» Treaded 15 0.15 0.12 0.17 0.13 30 0.23 0.17 0.21. 0.20 0.07 l.o 

S-ll 7 c Treaded 35 0.22 0.19 0.22 0.21 26 0.29 0.26 0.29 0.28 O.OI. 1.0 

S-1S 3 Treaded 15 0.16 0.15 0.16 0.15 21. 0.21. 0.21. 0.1.0 0.23 0.08 0.7 
8-13 8 h.b Treaded 35 0.22 0.21 0.25 0.21 20 0.29 0.27 0.52 0.28 o.d. 0.7 
S'l'l 9 ';-a Treaded 15 0.12 0.07 0.12 0.11 38 0.18 0.12 0.18 0.17 0.05 3.0 

8-15 9 5-b Treaded 35 0.15 0.10 0.15 0.15 31. 0.20 0.15 0.21 0.20 0.05 3.3 

S-20 10 •j-c Smooth 15 0.01 0.01 0.03 0.01 38 o.oi. o.oi. 0.06 o.oi. 0.03 1.1 
S-21 10 S-a Treaded 15 0.17 0.08 0.22 O.llt 31. 0.20 0.12 0.26 0.17 0.03 1.1 
S-22 10 5-b Treaded 35 0.15 0.10 0.15 0.15 31. 0.20 0.15 0.21 0.20 0.05 1.1. 

S-23 11 5-b Treaded 35 0.15 0.10 0.15 0.15 31. 0.20 0.15 0.21 0.20 0.05 0.0 

S-2l« 11 5-« Treaded 15 0.12 0.06 0.22 o.u 36 0.16 0.09 0.26 O.llt 0.03 0.7 

S-25 11 'j-C Smooth 35 0.07 0.03 0.10 0.05 38 0.12 0.07 0.15 0.09 o.oi. 0.8 

S-26 12 2-c Smooth 15 O.7I1 0.Ö1 n.7l. O.filt 22 0.76 0.63 0.76 O.06 0.01 0.1 

S-27 12 2-c Treaded 3,
l 0.83 0.77 0.83 0.75 16 0.91 O.OI. 0.91 0.81 0.02 0.0 

S-26 12 2-a Treaded 15 0.85 0.82 0.86 0.80 18 O.89 0.86 0.90 O.8I1 0.03 C.l 
S-29 12 2-b Treaded 35 0.87 0.80 0.91 0.80 20 0.9t. 0.89 1.10 0.89 O.Ql. " 

Haiwar 't (Prepared Surface) 

B-16 13 6-a Treaded 15 0.2ll 0.13 0.31 0.19 36 0.26 0.16 0.31. 0.23 0.02 0.0 

B-17 13 6-a Treaded 35 0.31 0.16 0.35 0.28 1.0 0.35 0.19 0.38 0.31 0.03 0.0 
B-18 lit 6-b Smooth 15 0,03 0.01 o.oi. 0.02 3". 0.05 0.01. 0.06 O.Oh 0.02 0.0 

B-19 lit 6-b Smooth 35 0.08 0.01 0.10 0.07 36 O.U 0.06 O.lh 0.09 0.01. 0.0 

Upland Flat (Natural surface) 

A-l 15 7-a Treaded 15 0.1.8 0.lt7 0.1.8 0.lt5 16 0.52 0.51 0.52 0.1.8 0.05 0.5 
A-6 16 7-a Treaded 15 0.65 0.61 0.66 0.61 20 0.72 0.68 0.75 0.68 0.05 0.1. 

A-9 17 7-tt Treaded 15 0.1.8 0.1t7 0.1.8 0.1*5 16 0.52 0.51 0.52 0.1t8 0.05 0.0 
A-10 17 7-b Treaded 35 0.69 0.65 0.69 0.65 20 0.80 0.72 0.82 0.72 o.oi. 0.6 
A-ll 18 7-a Treaded 15 O.I13 0.1t3 0.1.3 O.ltg 18 0.71 O.69 0.71 0.1t8 0.05 0.5 
A-12 19 7-b Treaded 35 0.66 0.63 0.66 0.61 18 0.50 0.50 0.50 0.68 0.05 0.5 

Upland Flat (Prepared Surface) 

A-15 20 8-0 Smooth 15 0.69 0.66 0.71 0.62 lit 0.73 0.70 0.75 o.6u o.oi. 0.1 
A.16 20 8-a Treaded 15 0.65 0.59 0.6.. 0.59 20 0.72 0.68 0.75 0.67 0.05 0.5 

A-17 21 8-b Treaded 35 0.73 0.65 0.75 0.65 20 o.ao 0.72 ».82 0.72 O.Olt 0.5 
A-lS 21 8-d Smooth 35 0.70 0.67 0.71 O.blt lb 0.77 0.7I. 0.79 0.72 o.oi. 0.1 

A-19 22 8-a Treaded 15 O.36 0.35 0.1.7 0.33 11. 0.1.2 O.ltO 0.51. 0.39 O.Ql. 0.1. 

A-20 23 8-b Treaded 35 0.I.9 0.1t2 0.1.9 0.lt6 26 0.56 0.49 0.56 0.52 0.03 0.3 
A-21 2lt 8-d Smooth 35 0.37 0.37 0.37 0.36 111 oM O.W. OM 0.1.3 0.02 0.3 
A-22 21. 8-c Smooth 15 0.30 0.28 0.30 0.30 12 0.35 0.32 0.35 O.3I. 0.03 
A-23 25 8-b Treaded 35 0.30 0.30 0.1.0 0.29 18 0.38 0.36 0.1.8 O.36 o.oi* 0.1. 
A-2U 26 — Smooth 15 — -- — 0.00 lOOtt — -- — — — It.l 

A-25 26 „ Smooth 35 .. .. .. 0.00 lOOtt „ „   „   2.8 
A-26 26 8-b Treaded 35 0.10 0.07 0.12 0.10 2« 0.17 O.UJ 0.22 0.18 0.08 2.2 
A-27 26 8-a Treaded 15 O.Ofi 0.00 0.12 0.08 58 0.18 O.U 0.2lt 0.19 O.U 2.9 
A.28 26 — Treaded 15 — ~ — 0.00 lOOtt — " " " ~ I..2 

Bottomland Flat (Natural Surface) 

A-2 27 9-a Treaded 15 0.11 0.03 0.31 0.10 us 0.21. 0.20 0.1.5 O.Slt O.lk 2.2 

A-3 28 9-b Treaded 35 0.21 0.17 0.25 0.19 2U 0.33 0.30 O.ltO 0.31 0.12 1.9 
A-l4 29 9-a Treaded 15 O.U 0.09 0.32 0.08 16 0.22 0.20 0.1.1 0.20 0.12 1.9 
fi-r> 30 9-a Treaded 15 0.11. 0.01 0.32 O.llt 50 0.29 0.20 0.1.2 0.30 0.19 2.1 

A-7 31 9-b Treaded 35 0.75 0.66 0.77 0.69 21. 0.80 0.72 0.82 0.77 o.oi. 0.0 

A-8 31 9-a Treaded 15 0.57 0.51 0.57 0.52 22 0.65 0.60 0.65 0.61 0.06 0.6 

A-13 32 9-a Treaded 15 0.03 — 0.17 0.03 1.6 0.21 0.19 0.32 0.21 0.19 3.9 
Mk 32 9-b Treaded 35 0.11 0.00 0.25 0.12 52 0.21. 0.16 0.35 0.21. 0.16 2.1. 

(Continued) 

• 6 a tire deflection. 
•* 3 ■ percent Blip. 
t Tft » torque output  (lb) * vehicle weight (lb). 

ft Immobilisation occurred before drawbar pulls could be developed. 



Table 2 (Concluded) 

Item No. 
In 

Piste 
and 

Tire 
Waotlv« Coefficient (TC) Torg ue Output Coefficient (TQ) 

Max at At 
Max 
at 

Optimum At Max 
TC At TC 

At Max 
TC 

At 
Optimum 

At, 
Zero 

But 
Tent Smooth or ' Coeffi- Depth 

No. Table 1 m. NO. Treaded SJL <50)i S 2C*S Any S cient ^S <50* 3 20* s Any 3 TC Pull m. 

33 10-a Treaded r. 
Hicks' Farm (Natural Surface) 

0,65 0.58 0.65 0.60 0.0U AC-52 0.60 0.53 0.60 0.55 22 0.1 

AC-53 33 10-b Treaded 35 0.72 0.65 0.72 O.65 20 0.72 0.1,6 0.73 0.70 o.ou 0.2 

AC-','* 3'' 10-b Treaded 35 0.26 0.2l( 0.26 0.25 22 0.30 0.28 0.30 0.29 0.02 0.5 

AO-55 31' 10-a Treaded 15 0.11» 0.10 0.18 0.12 32 0.19 0.15 0.23 0.17 0.05 0.7 

Hicks' Farm (Preoared Surface) 

AC-ltl 3'' 11-a Treaded 15 0.73 0.67 0.73 0.66 18 0.78 0.72 0.78 0.71 0.03 0.2 
AC-1)2 35 ll-b Treaded 3'. 0.72 0.65 0.76 O.bb 20 0.72 0.66 0.73 0.70 O.OU 0.1 

AC-I13 36 12-a Treaded 15 O.llt 0.10 0.18 0.12 32 0.19 0.15 0.23 0.17 0.05 0.3 
AC-I1I1 3<. 12-b Treaded ^ 0.20 0.17 0.20 0.18 22 O.Sk 0.21 0.21. 0.22 0.05 0.2 
HC-U'j 37 ll-b Treaded 35 0.69 0.65 0.69 0.6;; 20 0.72 0.66 0.73 0.70 O.OU 0.1 

AC-kb 38 11-a Treaded 15 0.73 O.67 0.73 0.66 18 O.78 0.72 O.78 0.71 0.03 0.1 
AC-I17 38 U-b Treaded 35 0.72 O.65 0.76 O.65 20 0.72 0.66 0.73 0.70 0.0U 0.0 
AC-US 38 U-c Smooth 3r. 0.65 0.60 O.69 0.58 16 0.71 O.65 0.75 0.63 0.03 0.0 
AO-I19 38 11-c Snuoth 15 0.70 O.'Jt 0.72 0.6i( 20 0.71 0.66 0.72 0.66 0.03 0.1 
AC-50 39 12-c Smooth 15 0.06 O.Olt 0.10 0.05 23 0.08 0.06 0,12 0.07 0.02 0.2 

ACf.l 39 12-: Smooth 35 0.15 0.13 0.25 O.lU 2l( 0.20 0.18 0.31 0.19 O.OU 0.1 

AC-56 llO 11-a Treaded 15 0.73 0.67 0.73 0.66 18 0.76 0.72 0.78 0.71 0.03 0.0 

AC-57 1.0 ll-b Treaded 35 0.72 0.65 0.76 0.65, 20 0.72 0.66 0.73 0.70 0.0U 0.0 

AC-58 ill 12-b Treaded y- 0.16 O.llt 0.l6 0,15 22 0.21 0.20 0.21 0.20 0.05 0.1 

AC-59 1*1 12-a Treaded 15 0.10 o.oa 0.13 0.10 32 0.19 0.15 0.23 0.17 0.05 0.2 

Sunflower Canal Road (Prepared Surface) 

R.1 U6 13-il Treaded 1.5 0.19 0.17 0.2'. 0.17 23 .. .. .. — .. .. 
R-2 l.S 13-c Treaded 15 0.30 0.26 O.3I) 0.27 25 — — — — " -- 
K-3 W) 13-<1 Treaded 15 0.26 0.23 0.30 0.23 20 .. -. .. .. — .. 
R-l. 1.3 13-c Treaded 15 O.Uo 0.36 0.1)2 0.35 18   — .. — — .. 
R-5 Us 13-a Treaded 15 0.6b 0.60 0.71) 0.59 18 — — — — — -- 
R-S ■A 13-b Treaded i; 0.65 0.53 0.69 0.55 22   .. „ .. .. .. 
R-7 5I4 13-b Treaded 15 0.21 0.15 0.28 0.17 30 — — .. — — — 
R.8 '/. 13-b Treaded 15 0.21 0.15 0.28 0.17 30 — — .. — — — 
R-9 I47 13-ci Treaded 15 0.26 0.23 0.3O 0.23 20 — — — — — -- 
H-IO U8 13-c Treaded 15 O.UO 0.3u 0.1(2 0.35 18 — ~ — — — -- 
R-ll 50 13-d Treaded 15 0.52 0.3II 0.6'., 0.1)6 3'' „ ... .. „ ., _. 
R-l? 1.9 13-'- Treaded 0.61 O.W 0.71 0.5'. 3" — — — — .. — 
R.13 si 13-a Treaded 15 O.63 0.55 0.71 0.5r 20 — -. .. .. — .. 
R-II4 ',2 13-a Treaded 15 0.55 0.1)3 O.65 0.1.3 20 " " -- " ~ " 

Mississippi River Sand teach  (Natural Surface) 

AS-29 56 Ik-a Treaded 15 0.07 0.06 0.1'" 0.06 1« 0.1.8 0.1.1. 0.59 O.UU 0.19 2.U 
AE-30 5b l'i-b Treaded 30 0.33 0.32 0.33 0.32 20 0.1.3 0.1.2 0.U3 0.1.2 0.0'. 1.1 
AS-31 57 lli-a Treaded 15 0.19 0.19 0,28 0.19 20 0.33 0.33 0,61) 0.33 0.06 1.8 

AS-3? 57 lU-b Treaded y 0.1(3 O.lll 0.55 0.1(1 20 0.50 0.1.8 0.69 0.1,3 0.03 0.8 
AS-33 58 ll.-b Treaded V.> 0.39 0.37 0.39 0.37 20 0.50 0.U6 0.50 0.U7 0.06 1,0 

AS-ji 58 ll4.a Treaded 15 0.19 0.19 0.2« 0.19 20 0.33 0.33 0.6U 0.33 0.06 ._ 
AS-3r. 59 lli-c Smooth 15 0.31 0.31 0.31 0.30 l6 0.1.1. . 0.1.1) O.LU O.UO 0.08 1.1 

AS-31' •^ ll|-d Smooth 35 O.I17 0.1«, 0.1)7 0.1.5 18 O.'A 0.51) O.'.l. 0.53 0.06 1,0 

AS-37 % lli-c Smooth 15 0.00 — 0.0/ 0.06 7'. 0.1.1 0.1.1 0.53 0,50 O.lil 2.7 
AS-38 56 l)i-d Smooth 3'. 0.28 0.28 0.33 0.28 16 0.1.0 O.UO 0.58 O.UO 0.10 2.2 

A3-39 58 11)-d Smooth 35 O.uO 0.39 0.1)0 0.38 18 0.52 0.51 0.52 0.U9 0.06 1.3 
AS-liO ■,8 llt-c Smooth 15 0.22 0.22 0.2S 0.21 l6 0.3', 0.35 0.35 0.3U 0.13 2.1 



A Table 3 

Summary of Soil Strength Data 

Cone Index (Cl) 
Item No.     Standard Penetrometer     Recording Penetrometer     Multlprobe Index (MFT) 

Teat in ■ Depth Below Surface in Inches. 
Mo.       Table 1       0       _1      2 3       _i_     5       _6    _0       1       _2    _2_   _!*_   J_     C        l/k      1/9      3A       1       l-l/U    1-l/g    1-3A      "v 

Asphalt Pavement 

P-l 1 750+     —       —        —       —       —       — 750+      —       —       —       —       —       —     750+ 
P-2 1     
P-3 1     
P-l» 1     

Stress BulldinR (Prepared Surface) 

178 170 178 173 170 160 150 250+ 293+ 296+ 300+ „ 
ll*.9 

ike 151» 169 195 219+ 250+ 270+ 160 158 156 155 152 153 157 15.5 
Ihi 151. 169 195 219+ 250+ 270+ 160 158 156 155 152 153 157 15.5 
159 160 168 188 211*+ 23l*+ 21*1+ 159 161* 163 161 162 161 163 16.5 
159 160 168 1% 2ll*+ 23'*+ 21*1+ 159 id. 163 161 162 161 163 16.5 

3tt 126 199 22B 252 251 2U0 97 157 188 202 212 218+ 221* + 6.2 
* 126 199 228 252 251 21*0 97 157 188 202 212 218+ 221* + 6.2 
9U 151 183 206 211* 215   122 137 151. l69 182 189 201* 13.1* 
QU 151 1Ö3 206 211. 215 — 122 137 151* 169 182 189 20** 13.1* 

100 I60 179 193 177 165 156 35 69 99 132 156 171 176 6.6 

100 169 179 183 177 165 156 35 (9 99 132 156 171 176 6.6 
67 132 155 155 156 159 168 1*6 88 113 131 11*7 161 180 7.9 
67 132 155 155 156 159 168 1*6 88 113 131 ll*7 161 130 7.9 

2 5 U3 131* 178 176 168 0 1 2 3 1* c 7 
3 5 1*3 131* 178 176 168 0 1 2 3 1* 5 7 — 

36 105 272 297 296 300+   0 0 19 68 68 68 68 .. 
36 105 272 297 296 300+ — 0 0 19 63 68 68 68 — 
3f 105 272 297 2CX 300+ — 0 0 19 68 63 68 68 — 
97 276 300+ — — — -- 9 37 93 178 252 268 268 1.2 
97 276^ 300+ — ~ — — 8 37 93 173 252 268 268 1.2 

97 276 300+ — — — — 8 37 93 176 252 268 268 1.2 
207+ 300+ — ~ ~ — -- 179+ 300+ — -- ~ — — Beyor 
287+ 300+ — — -- — — 179+ 300+ — — -- ~ — of 

S-l 2   
S-2 3   
S-3 3   
s-i* i*   
5-5 1*   

S-6 5   
S-7 5   
S-8 6   
3-9 6   
S-10 7   

S-ll 7   
3-12 8   
3-13 8 —        —          
S-ll* 9   
S-15 9   

S-20 10 —        —          
3-21 10 
S-22 10 
S-23 11 —         ~           
3-21* 11   

3-25 11   
3-26 12 —        ~          
3-27 12 —         ~           
3-28 12 —        —         —         —        —        —        —      287+     300+      ~        -         —      179+    300+ 
S-29 12 ~        ~         —         —        ~        —        —      287+     300+      —         —        —        —        —      179+    300+ 

Hangar 1* (Prepared Surface) 

B-16 13   1*26 Ul6 1*38 1*1*3 1*81* 510 51*1*      300+ 
B-17 13   1*26 1*16 1*38 1*1*8 U81* 510 5l*l* 
B-18 ll* —        —          U65 1*36 1*38 1*23 1*72 501* 531 
B-19 ll* —        —          1*65 1*36 1*38 1*28 1.72 501* 531 

Upland Flat (Natural Surface) 

A-l 15 66 11*3 225 266+ 277+   263+   275+ -          
A-6 16 158 257+ 29U+ 298+ 300+     --       —      175      252+   296+   298+   300+  
A-9 17 23U 300+      — ~  -      286+    300+      —         2ll*+    300+  
A-10 17 21*9 296+ 300+ — —       —       — 287+    299+    300+      —       —        —        —      273+    300+ 
A-ll 18 1U2 252+ 290+ 300+ —       —       —      188+    265+   298+    300+ -      200+   266+    276+   2Y(>   ?'!?*      300+ 
A-12 19 128 268+ 298+ 300+ 210+    288+    300+ 220+    292+     300+  

Upland Flat (Prepared Surface) 

A-15 20 335      650+    70U+    677+   61*0+   582+   552+ 395 660+ 696+ 691+   666+   635+    608+ 281. 300+  3.0    ' 
A-16 20 335      650+    70l*+      —       —       —       — 395 660+ 696+ 691+   666+   635+    608+ 281* 300+ - 3.0    ( 
A-17 21 501     711*      750+      ~         1*17 722+ 750+  29l*+ 300+  3-7    ' 
A-l3 21 501     711*      750+  1*17 722+ 750+  29U+ 300+  3.7    : 

A-19 22 51*2     733+    750+  262 691*+ 750+  292+ 300+  1.7    ( 

A-20 23 1*99      720+    750+      —          535 732+ 750+  ?96+ 300+  2.6 
A-21 21* 502+    738+    71*7      750+      --        —        — 5l*l*+ 7l*0+ 71*6+ 71*8+    750+      ~         — 298+ 300+ -          — l.i'     ' 
A-22 21* 502+    738+    71*7      750+  5l*l*+ 71*0+ 71*6+ 71*3+    750+      —        — 298+ 300+  l.C     C 
A-23 25 272      581+    728+    750+ - 190 58U+ 737+ 750+  162+ 222+ 21*3+   26f+   290+     299+      300+ 1.2    ' 
A-21* 26           —        —        —        —       —       —       —        36 198+ 270+ 267+   257+   250+    21*8+ 2 1* 32       51       93        130+      175+ 0.7 

A.?5 26           —        —        ~        —       —       ~       --        36 198+ 270+ 267+   257+    250+    2l*8+ 2 1* 32       51       93        130+      175+ 
A.26 26 —        —                1*9 173 213+ 230+   208+    191.+    190+ 
A-?7 26         1*9 173 213+ 230+   208+   I'M    190+ 
A-?8 26          15        27 UO 75     105      133      125 

(Continued) 

. ( 
A.26        26 —        —                1*9      173     213+    230+   208+    19!»+    190+        2 9        33       80      10"        127+      155+        0. 
A-?7        26 .-       --        .-       -        1*9      173     213+   230+   208+   19I.+    190+       2 9        33       80     108       127+     155+       0.2 

*   « *• cohesion in psl,  a = adhesion in psl, tan 0 = tangent of angle of Internal friction; s = shear stress in psl;  subscript    v    denotes sheargraph me 
with rubber head. 

*'     ■, a,  tan 0, and 3 same as in preceding footnote for sheargraph;  subscript    s   denotes soil truss measurements with rubber ski;  subscript    t    denote.': 



Table 3 

Summary of Soil Strength Data 

{? 

Soil Truss»» 

Multlprobe Index (MPI^ 

Asphalt Pavement 

Cohron Sheargraph* 
Metal Vaned Rubber Rubber 

SKI 
Tan ? 

Center-IiOad 
Tare 

750+ 0.1»      0.721      SB.1» 0.0     0.810     25.8 
12.6 13.8 
30.0 33-3 
12.7 13.B 

Stress Building (Prepared Surface) 

251 
251 
215 

165 
159 
159 
176 

150 
270+ 
270+ 
21*1+ 
2ltl+ 

2h0 
21*0 

156 

156 
168 
168 
168 
160 

250+ 
160 
160 
159 
159 

97 
97 

122 
122 

35 

35 
1*6 
1*6 

0 
0 

0 
0 
ü 
8 
8 

8 
179+ 
179+ 
179+ 
179+ 

293+ 
158 
158 
16U 
161* 

157 
157 
137 
137 
69 

69 
38 
88 
1 
1 

o 
0 
0 
37 
37 

37 
300+ 
300+ 
300+ 
300+ 

29t+ 300+ — 
156 155 152 
156 155 152 
I63 l6l 162 
163 l6l 162 

188 
138 
151* 

202 
202 
169 

151* 169 
99 132 

99 132 
113 131 
113 131 

2 3 

19 
19 
19 
93 
93  178 

93  178 

68 
68 
68 
373 

212 
212 
182 
162 
156 

156 
l'*7 
11*7 

I* 
1* 

68 
68 
63 

252 
252 

153 
153 
161 
161 

218+ 
218+ 
I89 
189 
171 

171 
161 
161 

5 
5 

68 
68 
68 

263 
268 

Hangar 1* (Prepared Surface) 

510 
510 
501* 
501* 

51*1* 
51*1* 
531 
531 

300+ 

Upland Flat (Natural Surface) 

2ll»+ 300+  
273+ 300+   
200+ 266+ 276+   276+    29?+      300+ 
220+ 292+ 300+ - 

Upland Flat (iTepared Surface) 

6 35+ 
635+ 

608+ 
608+ 

250+   21*8+ 

250+ 
191»+ 
191*+ 
13? 

21*8+ 
190+ 
190+ 
125 

281» 
281* 
29l* + 
29!*+ 
292+ 

296 + 
298+ 
2^8+ 
162+ 

2 

2 
2 

300+ 
300+ 
300+ 
300+ 
300+ 

300+ 
300+ 
300+ 
222+ 

1* 

I* 
9 

21*3+ 
32 

32 
33 
33 

26L + 

51 

80 

290+ 
93 

93 
103 
ioe 

299+ 
130+ 

130+ 
127+ 
127+ 

157 
157 
163 
163 

221* + 
221*+ 
201* 
201* 
176 

176 
180 
180 

7 
7 

68 
68 
68 

268 
268 

252   268   268 

300+ 
175+ 

175+ 
155+ 
155+ 

lit. 9 
15 
15 
16 
16. 

6. 
6, 

13. 
13. 

0.U5I* 
O.29I* 
O.29I* 
0.1*02 
0.1*02 

0.1*89 
0.1*89 
O.38I 
O.iSl 
0.262 6.6 

6.6 0.262 
7.9 0.238 
7.9 0.238 

29.1* 
21* .9 
20.5 
23.3 
29.3 

21.3 
ll*.7 
25.5 
19.8 
15.0 

11.0 
15.5 
11.9 

1.2 
1.2 

O.O73 
0.078 

2.5 
3.7 

1.2    0.073        2.5 
Beyond capability 

of instrument 

Beyond capability 
of instrument 

1.9 
1.2 
1.2 
1.3 
1.3 

0.9 
0.9 
1.3 
1.3 
0.6 

0.6 
0.9 
0.9 
0.1* 
0.1* 

0.07 
0.07 
0.07 
1.2 
1.2 

1.2 
0.1* 
0.1* 
0.1* 
0.1* 

1.0 

0.567 
0.1*66 
0.1*66 
0.588 
0.588 

0.080 
0.080 
0.106 
0.106 
0.052 

0.052 
0.078 
0.078 
0.066 
0.066 

0.072 
0.072 
0.072 
0.01*6 
0.01*6 

0.01.6 
0.1(28 
0.1*28 
0.1*28 
0.1*28 

0.052 
0.052 
0.070 
0.070 

20.0 
16.0 
9.1 

11.2 
20 

a. 
it 
3 
2.2 

1.5 
3.1* 
2.2 
2.5 
1.5 

3.0 
2.1* 
1.3 
2.0 
2.7 

2.0 
17.9 
7.7 

ll*.l. 
7.6 

2.6 
1.9 
3-9 
2.3 

0,56 
0.13 
0.13 
0.18 
0.18 

0.18 
0.18 
0.21 
0.21 
0.21* 

0.21* 
O.38 
O.38 
0.22 
0.22 

0.12 
0.12 
0.12 
0.12 
0.12 

0.12 
0.07 
0.07 
0.07 
0.07 

0.531 
O.836 
0.836 
0.7P'' 
0.783 

0.621* 
0.621* 
o.6i*Q 
0.61*9 
O.509 

0.509 
0.1*25 
0.1*25 
0.3lt6 
0.31*6 

0.326 
0.326 
O.326 
0.363 
0.363 

0.363 
0.782 
0.782 
0.782 
0.782 

17.5 
26. B 
It .2 
13.1* 
25.O 

20.1 
10.7 
20.9 
11.2 
16.5 

8.8 
13.9 
7.6 

11.2 
6.1 

13.5 
10.5 
5.6 
6.3 

11.7 

6.3 
32.2 
13.1» 
25.0 
13.3 

Beyond capability 
of Instrument 

12.3 
12.3 
7.2 
7.2 

10.3 
10.3 

0.726 
0.726 
0.556 
0.556 

0.306 
0.306 

o.oi»  0.510    16.3 
0.01*    0.510       8.6 
Below capability 

of instrument 

10.1* 
10.1* 

O.869 
0.869 

3.9 
It .5 
3.6 
3.c' 
3.3 

0.596 
O.652 
0.769 
0.630 
a.668 

22.9 
25.3 
16.6 
21* .0 
11* .6 

0.0 
0.7 
0.9 
0.7 

0.733 
0.^77 
0.521 
0.1*61. 
0.1*67 

23.1* 
19.1 
9-7 

1S5 
8.1* 

O.03 
0,12 
0.11 
0.16 
0.16 

O.836 
0.811 
n.771* 
0.659 
0.659 

26.7 
26.0 
13.2 
21.2 
11.3 

1.96 O.898 
2.85 0.672 
2.85 0.672 
1.85 1.033 
1.85 1.0^3 

3.0    0.377     39-0    0. 

2.6 
l.( 
1.6 
1.2 
0.7 

0.7 
0.2 
0.2 

0.877 
0.808 
0.308 
O.683 

0.811 
0.822 
0.322 
0.532 
0.110 

0.110 
0.223 
0.228 

31.0 
17.1* 
17.5 
23.5 

16.3 
15.6 
35.1* 
10.2 
5.2 

2.6 
It.l 
7.5 

.3 
0.5 
0/. 
0.0 

0.3 
0.6 
0.6 
0.0 
0.0 

0.0 
0.0 
0.0 
0,0 

0.r)67      2l*.l    0.05    0.809      33. 
1.570 

0.592 
0.592 
0.1*1*5 

O.UlU 
O.U56 
0.1*56 
O.Ull* 
0.11*1 

0.11*1 
0.207 
0.207 
O.156 

19.0 
10.5 
10.6 
lit .2 

7.3 
8.1» 

19.3 
7.0 
5.8 

2.1* 
3-5 
6.6 
5.0 

0.809 
0.706 
0.706 
0.598 

O.87I* 1'* 
0.721* 12 
0.12k 30 
0.602 10 

Below capability 
of instrument 

0.05 
0.07 
0.07 
0.03 

0.12 
0.12 
0.12 
0.03 

25.8 
12.0 
12.1 
19.1 

3.1. 
2.1* 

0.752 
0.61*3 

35.1* 
21*. 6 
21* .9 
16.6 

20.1 
15.5 

38.O 
25.2 

5.0   0.1*32     13.3   1.6     0.1*83      17.O   0.07   I.032     33.O     1.77 1.070      35.9 
30.6 
Sit.3 
ll*.2 
31*.3 
19.3 

27.1* 
13.!• 

Traction 
Index 

C,t      ^ gt      St (TI) 

(Continued) 

29.7 
16.2 
7.8 

ll*.9 

13.3 
10.2 

6.1» 

3.6 
33.1 
18.0 

7.8 
6.8 
r,.o 
6.1* 
7.2 

6.1. 
26.3 
12.1 
20.9 
12.0 

1*.7 
2.5 

26.7 
20.8 
12.0 
12.1 
20.1* 

11* .1. 
27.1 
10.0 

7.3 
7.2 

12." 

= shear stress in psl; subscript   v    denotes sheargraph measurements with metal vaned head;  subscript    r    denotes sheargraph measure'r.ents 

lenotes soil truss ineasureiiients with rubber ski;  subscript    t    denotes soil truss measurements with center-load tare. 



& 
Table 3 (Concluded) 

Item No. 
Test in 

No.      Table 1 

Standard Fenetrometer 
Cone Index (Cl) 

Recording Fenetrometer 
■ Depth Below Surface in Inches 

Multiprobe Index (MPl) 

Cohl 
Metal Vaned 

0 1 2 3 U 5 6 0 1 2 3        I*       _5_   _6_    lA      1/2      3/'*       1       1-lA    1-1/2    1-3A     Cv 

Head 
Tan r 

A-2 
A-3 
A-l» 
A-5 
A-7 

A-8 
A-13 
A-lU 

AC-52 
AC-53 
AC-?!* 
AC-55 

27 
28 

29 
30 
31 

31 
32 
32 

33 
33 
3U 
3'. 

1»2 
1*3 

17 1*2 106 182+ 198+ 196+ 188+ 
16 32 79 168 228+ 21*0+ 21*5+ 
23 U6 121 267+ 300+ -- 
28 57 121* 17U 20U 232 230 
87 131* 230 270+ 288+ 300+ — 

92 186 262+ 291+ 300+ — —     111 
8 18 36       70 157 21*5+ 290+     11 
8 26 68 126 201*+ 27U+ 286+     12 

293+ SO?- 550+ 593+ 621+ 653+ 661+ 312+ 
293+ 507+ 550+ 593+ 621+ 653+ 661+ 312+ 
112 166 315 1*08+ U55+ 522+ 565+ -- 
112 166 315 1*08+ 1*55+ 522+ 565+ — 

Bottomland Flat (Natural Surface) 

57 
98 

126 
x67 

S16    272     299+    300+ 
210     220     225     230 

102       172      29S( ■    276+   299+    300+ 

22l»+    276+    2U8+    300+      — 
35      66     123    215+   268+   238+ 
1*7     102     179+   258+   285+   290+ 

12 
8 

10 
8 

10 
12 

2k 
32 

1*6 
51* 

62 
80 

88 
118 

Hicks' Farm (Natural Surface) 

l*5U+   1(98+    500+   507+   532+   536+   233+   275+   292+   300+ 
1*51»+   1(98+   500+   507+   532+   536+   2^3*   <e79+   292+   300+ 

Hicks' Farm (Prepared Surface) 

0.1 0.31*1 
1.6 0.21*8 
2.1 O.U36 
2.0 0.382 
3.1 0.1*91 

2.5 0.523 
0.1* 0.11*7 
0.1* 0.11*2 

Beyond capabili 
of instrument 

AC-1*1 
AC-1*2 
AC-1*3 
AC-UU 
AC-U5 

AC-1*6 
AC.1*7 
AC-1*8 
AC-1*9 
AC-50 

AC-51 
AC-56 
AC-57 
AC-58 
AC-59 

R-l 
R.2 
H-3 
R-l* 
R-5 

K-6 
K-7 
R-8 
R-9 
R-10 

R-ll 
R-l? 
R-13 
R-ll» 

35 
35 
36 
36 
37 

38 
38 
38 
38 
39 

39 
1*0 
1.0 
1*1 
1*1 

U6 
1*5 
1*1* 
''3 
1*2 

53 
51* 
55 
1*7 
1*8 

50 
1*9 
51 
52 

1*1*1 
1*1*1 
17l* 
17I* 
306 

698+ 
698+ 
698+ 
698+ 
306+ 

306+ 
651+ 
651+ 
281 
281 

510+ 
510+ 
526+ 
526+ 
5J:6+ 

7)0+ 
730+ 
730+ 
730+ 
701+ 

701+ 
652+ 
552+ 
506+ 
506+ 

526+ 
526+ 
610+ 
610+ 
588+ 

728+ 
728+ 
726+ 
728+ 
712+ 

712+ 
632+ 
632+ 
51*9 
5l*9 

530+ 
530+ 
655+ 
655+ 
588+ 

730+ 
73O+ 
730+ 
730+- 
707+ 

707+ 
6ll*+ 
6ll*+ 
U92+ 
1*92+ 

525+ 533+ 
525+ 533+ 
632+ 628+ 
632+ 628+ 
590+ 598+ 

731*+ 730+ 
731*+ 730+ 
731*+ 730+ 
73!*+ 730+ 
69!*+ 698+ 

691*+ C98+ 
598+ 586+ 
598+ 586+ 
1*17+ 356+ 
1*17+ 356+ 

5W»+ 
51*1*+ 
621+ 
629+ 
60l*+ 

731*+ 
73l*+ 
731*+ 
73l*+ 
707+ 

707+ 
579+ 
579+ 
318+ 
318+ 

1*73+ 509+ 52U+ 525+ 501+ 509+ 528+ 300+     — 
1*73+ 509+ 52U+ 525+ 501+ 509+ 528+ 300+  
23I* 595+ 658+ 628+ 62U+ 599+ 599+ 300+     — 
231* 595+ 658+ 628+ 62l*+ 599+ 599+ 300+     ~ 
302 552+ 558+ 586+ 567+ 570+ 562+ 252+   293+   299+   300+ 

719+ 720+ 727+ 73l*+ 726+ 726+ 726+ 300+     — 
719+ 720+ 727+ 73l*+ 726+ 726+ 726+ 300+ 
719+ 720+ 727+ 73l*+ 726+ 726+ 726+ 300+  
719+ 720+ 727+ 73l*+ 726+ 726+ 726+ 300+ 
291* 61*8+ 706+ 692+ 691+ 688+ 689+ 121 

29I* 61*8+ 706+ 692+ 691+ 688+ 689+ 121 

21*6+   280+   290+   300+ 

21*6+   280+   290+   300+ 

Sunflower Canal Road (Prepared Surface) 

608+ 
661*+ 
5U6+ 
712+ 
750+ 

177 
170 
29l*+ 
628+ 
308+ 

123 
206 
1*21 
1*66 

750+ 
750+ 
750+ 
750+ 

61*1+ 750+ 
750+ — 
602+ 715+ 
750+ — 
628+ 750+ 

13l* 11*1 
156 156 
250 195 
321* 209 

750+ 

50 1*96      750+     — 
50 50I*      750+ 
1*0 218      73l*+    750+ 

139 517      750+      - 
750+  

101 
67 

158 
171 
101 

161* 21*8     508    667      735 
309 710     7S'0+     — 
723      750+       
750+  
750+  

750+ 

130 176 180 180 I85 
252 1*39 381* 320 253 
602+ 717+ 667+ 539+ 1*62 
603+ 703+ 695+ 593 500 

Beyond capabild 
of instrument 

5.1    0.370     1 
5.1    0.370     1 

Beyond capabili 
of instrument 

5.1    0.1*23     2 

5.1    0.1*23     1 
Beyond capabili 

of instrument 

Mississippi  River Sand Beach (Natural Surface) 

AS-29 
AS-30 
AS-31 
AS-32 
AS-?3 

AS-3I* 
AS-35 
AS-36 
A:-37 
AS-38 

AS-39 
AS-1*0 

56 
56 
57 
57 
58 

58 
59 
59 
56 
56 

58 
58 

28 
28 
32 
32 
21* 

21* 
32 
32 
28 
28 

21* 
21* 

1*9 
1*9 
71* 
71* 
1*1* 

1*1* 
71* 
71* 
1*9 
1*9 

1*1* 
1*1* 

91* 
91* 

73 
128 

11*6 
ll*6 

128     182 
128     182 
73       96     120     1U6 

96 
182 

128 182 
91* 11*6 
9!»     1U6 

190 236+ 
190 236+ 
222 257+ 
222 257+ 

120 
222 
222 

11*6 
257+ 
257+ 

277+ 
277+ 
281*+ 
281*+ 
156 

156        25 
281*+     Ui 

73 
73 

96 
96 

190 286+ 
190 286+ 

120 1U6 
120 ll*6 

28U+ 
277+ 
i77+ 

156 
156 

37 
37 
1*1 
1*1 
25 

1*1 
37 
37 

25 
25 

51 
51 

42 

1*2 
88 
88 
51 
51 

1*2 
1*2 

85 
35 

131 
131 
62 

62 
131 
131 
85 
85 

62 
62 

136 180 
136 180 
171 208 
171 208 

82 98" 

32 98 
171 208 
171 208 
136 180 
136 180 

82 98 
82 98 

222 
222 
21*1+ 
21*1+ 
112 

112 
21*1+ 
21*1+ 
222 
222 

112 
112 

263+ 
263+ 
271+ 
271+ 
130 

130 
271+ 
271+ 
263+ 
263+ 

130 
130 

21* 
21* 
27 
27 
31 

31 
27 
27 
21* 
21. 

31 
31 

57 
57 
39 
39 
38 

38 
39 
39 
57 
57 

38 

71 
71 
51* 
51* 
1*2 

1*2 
51* 

71 
71 

1*2 
1*2 

73 
78 
67 
67 
1*6 

1*6 
67 
67 
78 
78 

1*6 
1*6 

78 
78 
78 
78 
50 

50 
78 
78 
78 
78 

50 
50 

81 
31 
91 
91 
56 

56 
91 
91 
81 
81 

56 
56 

38 
88 

]0l* 
101* 

61* 

61* 
101* 
101* 
38 
38 

61* 
61* 

0 0    0.000 
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Table 3 (Concluded) 

meter 
In Inches ■ 

Hultlprobe Index (MPI) 

! 5 6       l/U     1/2     3/1* 

Metal Vaned 
Head 

Tan ^ 

Cohron Sheargraph 
Rubber 

1.3A     cv     ""^v     av 

Head 
Tan 0 

Soil Truss 
Rubber 

Ski 
Tan W 

Center-Load 
Tare 

Tan 0 

Traction 
Index 

t    Jt_       (TI) 

Bottomland Flat (Natural Surface) 

'2     299+    300+ 
;o    225     230 
19+   300+     — 

)0+      — 
.5+   268+   288+ 
;8+   285+   290+ 

12 
8 

10 
8 

10 
12 

2h 
32 

1*6 
5"» 

0.1 0.31*1 
1.6 O.2U8 
2.1 0.1*36 
2.0 0,382 
3.1 0.1*91 

11.0 
5.8 

16.0 
ll*.2 
11.1* 

0.3 
0.9 
0.8 
0.2 
0.0 

2.5   0.523     19.3   0,0 
62 88 0.1*   O.1U7      5.1   0.7 
80       118        0.1*   0.ll*2      2.8   0.8 

O.323 
0.1*26 
O.58O 
0.633 
0.723 

0.721* 
0.210 
0.207 

11.1 
8.1 

19.3 
20.1* 
12.2 

0.1*8 
0.68 
0.60 
0.1*2 
0.08 

0.508 
0.1*69 
0.577 
0.1*73 
0.812 

23.1 0.09 0.671 
7.1* O.35 0.1*87 
l*.3   O.35   0.1*88 

16.7     0.59   0.778     25.I* 
8.6 

19.O 
15.9 
13.8 

21.5 
15.9 
8.6 

2.00 

0.95 
1.52 

1.12 

0.21*8 
0.600 
0.1*66 
0.756 

0.808 

6.2 
19.9 
15.8 
ll*.3 

26.9 

Hicks' Farm (Natural Surface) 

'7+    532+    536+   233+   279+   292+    300+ 
'7+   532+    536+   233+    279+   292+    300+ 

Hicks' Farm (Prepared Surface) 

1+ 509+ 528+ 300+  
1+ 509+ 528+ 300+       
1*+ 599+ 599+ 300+  
1*+ 599+ 599+ 300+  
7+ 570+ 562+ 252+ 293+   299+   300+ 

6+ 726+ 726+ 300+  
6+ 726+ 726+ 300+  
6+ 726+ 726+ 300+  
6+ 726+ 726+ 300+  
1+ 688+ 689+ 121 2U6+   280+   290+   300+ 

1+ 688+ 689+ 121 21*6+   230+   290+   300+ 

Sunflower Canal Road (Prepared Surface) 

Beyond capability 0.9 
of Instrument 0.9 

1 2.1 
I 2.1 

Beyond capability 
of instrument 

5.1    0.370     I6.9 
5.1   O.370     11.3 

Beyond capability 
of instrument 

5.1 0.1*23  22.5 

5.1 0.1*23  12.0 
Beyond capability 
of instrument 

50 1*96 750+ 
50 501* 750+ — 
1*0 2l8 73l*+ 750+ 
139 517 750+ - 
750+  

101 161* 21,8 503  667 
67 309 710 750+ 
158 723 750+ -- 

0.1 
0.1 
1.1 
1.1 
1.6 

0.2 
0.2 
0.2 
0.2 
1.0 

1.0 
0.1* 
0.1* 
0.5 
0.5 

1.7 
:j.o 
2.0 
2.3 
0.9 

735     750+ 0.3 
1.9 
1.5 

171 750+     
101 750+     

130 176 130     180      185 
252 1*39 381*     320    253 
602+ 717+ 667+   539+   ^62 
603+ 703+ 695+   593     500 

2.3 
l.l 

1.1. 
1.0 
0.5 
0.3 

0.1*26 
0.1*26 
0.059 
0.059 

0.1*33 
0.1*33 
0.702 
0.702 
0.1*38 

0.1*90 
0.1*90 
0.1*90 
0.1*90 
0.070 

0.070 
0.1*60 
0.1*60 
0.09I* 
O.09I* 

0.168 
0.216 
0.11*1* 
0.235 
0.1*61 

0.580 
0.185 
0.123 
0.157 
0.373 

0.1*07 
0.1*57 
0.1*Slt 
0.3* 

1U.5 0.13 0.61*8 
8.1 0.13 0.61*8 
3.1 0.08 0.557 
l*.i 0.08 0.557 

13.9 
7.5 
3.1* 
2.3 
".0 

15.3 
8.5 
3.6 

20.3 
3-9 

2.2 
15.0 
8.2 
2.1 
3-5 

6.9 
9.9 
6.6 
9.8 

15.6 

18.8 
7.8 
5.6 
7.3 

13.0 

ll*.i* 
15.6 
1U.2 
13.5 

0.06 
0.06 
0.27 
0.27 
0.05 

0.02 
0.02 
0.02 
0.02 
0.17 

0.17 
0.02 
0.02 
0.08 
0.08 

0.06 
0.03 
0.13 
0.03 
0.00 

0.07 
0.13 
0.20 
0.02 
0.02 

0.03 
0.01* 
0.00 
0.00 

0.631* 
0.631* 
0.31*2 
0.31*2 
0.707 

0.675 
0.675 
0.675 
0.675 
0.699 

O.6Q9 
0.777 
0.777 
0.1*92 
0.1*92 

0.866 
0.883 
0.698 
0.899 
0.623 

0.612 
0.336 
0.520 
0.930 
0.352 

0.866 
0.6.73 
O.599 
0.711 

20.8 Beyond r-apabUlty 
11.2 of Instrument 
9-5 1 

17.7 ' 

20.3    Beyond fapablllty 
10.9       of Instrument 
11.2 
6.0 

12.0 

21.5 
11.5 
11.6 
27.7 
28.9 

12.1 
21*.8 
13.1 

8.1* 
15.8 

27.7 
28.2 
22.1* 
28.7 
19.9 

19.6 
26.8 
16.8 
29.7 
27.2 

27.7 
21.5 
19.1 
22.7 

222 263+ 21* 57 71 78 78 81 38 
222 263+ 21* 57 71 73 78 81 H8 
21*1+ 271+ 27 39 51» 67 78 91 10l* 
21*1+ 271+ 27 39 51* 67 73 91 101* 
112 130 31 38 1*2 1*6 50 56 61* 

112 130 31 38 1*2 1*6 50 56 61* 
21*1+ 271+ 27 39 '.A 67 78 91 101* 
21*1+ 271+ 27 39 51* 67 78 91 101* 
222 263+ 21* 57 71 73 73 81 33 
222 263+ 21* 57 71 73 78 31 38 

112 130 31 38 1*2 1*6 50 56 61* 
112 130 31 38 1.2 1*6 50 56 61* 

0.0    0.000 0.0    0 0 0.257 
0.257 
0.330 
0.330 
0.320 

0.320 
0.356 
0.356 
0.229 
0.229 

0.31*1 
0.31*1 

3.2 
»•.3 

10.5 
5.6 
5.1* 

10.2 
11*.6 
6.1 
9.1* 
3.9 

5.3 
1+.0 

0.00 0.650 
0.650 
0.625 
0.625 
0.675 

0.6o 
O.65C 
0.650 
0.625 
0.6. " 

0 673 
0.6,1 

20.7 
11.0 
19.9 
10.6 
11.1* 

21.5 
26.7 
11.1 
25.7 
10.7 

11.5 
27.7 

0.2r 

0.2U 
('.1*2 
0.1*2 
0.20 

0.20 
0.1*2 
0.1*2 
0.20 
0.20 

0.20 
0.20 

0.1*65 15.0 
0.1*65 8.1 
0.719 23.I* 
0.719 12.6 
0.531 9.2 

O.531 
O.6S5 
0.625 
0.1*67 
0.1*67 

O.556 
0.556 

17.1 
26.1 
11.1 
19.1* 
8.2 

9.7 
23.0 
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